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Abstract 
In order to maximise fitness, individuals will have to take several decisions that shall match 
with environmental conditions (whether to breed or not, when to breed, what level of parental 
investment). These decisions are mediated by hormones: such as luteinizing hormone (LH), a 
pituitary hormone involved in the onset of breeding, stress hormones (corticosterone, CORT) 
and prolactin (PRL) a pituitary hormone involved in the expression of parental care.  
Environmental contaminants are present world-wide, and also in Polar Regions. Since many 
contaminants are endocrine disruptors, they may impair breeding decisions, but evidences are 
scarce for wildlife. The aim of this thesis was to assess the relationships between some legacy 
persistent organic pollutants (POPs: PCBs, organochlorine pesticides), mercury (Hg) and 
hormones (LH, CORT, PRL) in different Arctic and Antarctic seabird species. Results show 
that POPs and Hg clearly interact with LH, CORT and PRL secretion. These contaminants 
appear to target different hormones: increasing Hg was related to decreasing pituitary 
hormone secretion (LH and PRL); whereas increasing PCBs were linked to an exacerbated 
CORT response to an acute stress. Hg disrupted LH secretion by probably suppressing GnRH 
input to the pituitary; PCBs seem to act at the adrenal level by probably stimulating ACTH 
receptors. Legacy POPs and Hg are therefore able to disrupt reproductive decisions and to 
impact fitness: elevated Hg levels were linked to skipped reproduction and poor incubation 
behavior; elevated PCB levels may make individuals more susceptible to environmental 
perturbations. The long-term consequences of contaminant exposure for seabirds are 
discussed in the context of the environmental challenges affecting polar regions. 
Key-words: legacy POPs; Mercury; endocrine disruption; fitness; seabirds, Arctic, Antarctica 
 
Résumé 
De façon à maximiser leur valeur sélective, les individus doivent prendre différentes décisions 
qui doivent concorder aux conditions environnementales (Se reproduire ou pas ? Quand ? 
Quel investissement parental ?). Ces décisions sont fortement influencées par la sécrétion de 
certaines hormones comme l’hormone lutéinisante (LH) déclencheur de la reproduction, 
l’hormone de stress (CORT) et la prolactine (PRL), pour l’expression des soins parentaux. 
Les contaminants chimiques et naturels sont omniprésents et ont même été retrouvés en zones 
polaires. De nombreux contaminants sont des perturbateurs endocriniens et pourraient altérer 
les décisions de reproduction, mais les preuves manquent pour la faune sauvage. Cette thèse 
vise donc à identifier les liens entre certains polluants organiques persistants dits ‘d’héritage’ 
(POPs: PCBs, pesticides organochlorés), le mercure (Hg) et les hormones LH, CORT et PRL 
chez plusieurs espèces d’oiseaux marins Arctiques et Antarctiques. Les résultats obtenus ont 
démontré que ces contaminants interagissent avec ces hormones, et de façon spécifique: le Hg 
réprimerait la sécrétion d’hormones hypophysaires (LH, PRL) tandis que les PCBs 
stimuleraient la production de CORT. Plus précisément, le Hg pourrait affecter la sécrétion de 
LH en réprimant l’apport de GnRH à l’hypophyse et les PCBs pourraient stimuler le nombre 
de récepteurs à l’ACTH au niveau des glandes surrénales. Le Hg et les PCBs peuvent donc 
altérer les décisions de reproduction et impacter la valeur sélective: des taux élevés de Hg sont 
associés à la suppression de la reproduction et à un moindre investissement parental, tandis 
que la présence de PCBs pourrait exacerber la susceptibilité aux stress environnemental. Les 
conséquences à long-terme de l’exposition des oiseaux marins à ces contaminants sont 
discutées dans le cadre des changements globaux qui affectent les Pôles. 
Mots-clés: POPs d’héritage; Mercure; perturbation endocrine; valeur sélective ; oiseaux 
marins ; Arctique ; Antarctique 
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And no birds sing.  
“After several years of DDT spray, the town is almost devoid of robins and starlings; 
chickadees have not been on my shelf for two years, and this year the cardinals are gone too 
[…]. It is hard to explain to the children that the birds have been killed off, when they have 
learned in school that a Federal law protects the birds from killing or capture.”  
Rachel Carson, Silent spring, 1962.  
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1. INTRODUCTION 
1.1. Contaminants in polar regions  
 
1.1.1. Types of contaminants, global distillation and bioaccumulation 
 
Human activities have released an immeasurable amount of contaminants into the 
environment. This worldwide contamination was or not intentional. Persistent organic 
pollutants (POPs) are a large group of man-made chemicals that are persistent in the 
environment; POPs have long half-lives in soils, sediments, air and biota (Harrad 2009). In 
addition to being persistent, the combination of their resistance to metabolism and their 
lipophilicity makes them able to bioaccumulate inside organisms (bioaccumulation) and be 
transferred from a lower to a higher position along the food web (biomagnification) (Walker 
et al. 2012). POPs are also highly volatile and toxic. Their hazardous effects on health will be 
discussed further. Given all these properties POPs have been in the focus of attention during 
the last decades, and under the Stockholm Convention 12 chlorinated chemical substances 
were banned or severely restricted (Stockholm convention 2001). The Stockholm Convention 
was originally signed by 92 nations and the European Community in Stockholm, Sweden in 
May 2001, and came into force in May 2004 with over 150 countries then signing the 
Convention. The Stockholm Convention established an initial list of 12 key POP chemicals 
(the so-called dirty dozen) for which signatories are required to reduce the risks to human 
health and the environment arising from their release. Ratifying parties are required to take 
(legal and/or administrative) measures to eliminate or heavily restrict the production and use 
of organochlorine pesticides (OCPs) and polychlorinated biphenyls (PCBs), and to minimize 
the unintentional production and release of POPs. The 12 POPs that were targeted (Figure 1) 
include eight pesticides (aldrin, chlordane, DDT, dieldrin, endrin, heptachlor, mirex, and 
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toxaphene), two industrial chemicals (polychlorinated biphenyls and hexachlorobenzene) and 
two combustion by-products (dioxins and furans).  
 
DDT, for example, was widely used during World War II to protect soldiers and civilians 
from malaria, typhus, and other diseases spread by insects. After the war, DDT was further 
used to control disease, and it was sprayed on a variety of agricultural crops, especially 
cotton. DDT application against mosquitoes is nowadays maintained in several countries to 
control malaria. Its stability, its persistence (as much as 50% can remain in the soil 10-15 
years after application), and its widespread use have resulted in DDT residues being possibly 
found anywhere; residual DDT has even been detected in Antarctica and in the Arctic 
(George & Frear 1966; AMAP 2004). Perhaps the best-known toxic effect of DDT is eggshell 
thinning among birds, especially birds of prey (Bitman et al. 1970; Wiemeyer et al. 1984). Its 
impact on bird populations led to bans in many countries during the 1970s (Stockholm 
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Convention 2001). Although its use was banned in many countries, it is still detected in 
humans and wildlife worldwide (Turusov et al. 2002). PCBs have also been widely studied; 
they are used in industry as heat exchange fluids, in electric transformers and capacitors, and 
as additives in paint, carbonless copy paper, and plastics. Of the 209 different PCB types, 13 
exhibit a dioxin-like toxicity (Walker et al. 2012). Their persistence in the environment 
implies the degree of chlorination, and half-lives can vary from 10 days to 1.5 years. These 12 
restricted or banned chemicals (the dirty dozen) are referred to as “legacy POPs” due to their 
long history of use and release into the environment (Stockholm Convention 2001). 
Numerous other POPs are however of concern, and regulations for these were made only 
recently, if at all. It is the case of brominated flame retardants (BFR) which are chemicals 
used as flame retardants and bearing a general resemblance to PCB mixtures in their 
properties (Walker et al. 2012), or of poly- and perfluorinated alkyl substances (PFAS) which 
have been used as surface-active agents in a vast number of manufactured and consumer 
products (e.g., fire-fighting foam and impregnating agents for carpets, papers, and textiles; 
Jenssen & Leffers 2008). PFAS are extremely persistent in the environment and accumulate 
in the blood, liver and kidneys (Jones et al. 2003; Jensen & Leffers 2008). Nowadays, human 
exposure to PFAS in blood reaches the highest values observed as regards an exogenous 
chemical (Jensen & Leffers 2008). These chemicals were recently discovered in the 
environment and are known or suspected to cause adverse effects to humans and wildlife 
(Muir & de Wit 2010). They are referred to as “emerging POPs”. Consequently, while a 
decreasing trend in legacy POPs can be measured in the environment some emerging POPs 
show dramatic increasing trends (e.g., in Arctic seabird eggs; Helgason et al. 2011). 
Metabolism of POPs occurs mainly in the liver via a two-phase process. These processes are 
catalyzed by liver enzymes such as cytochromes P450 (Nebert & Gonzalez 1987). 
Metabolism-resistant lipophilic substances are selectively accumulated. In addition to 
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detoxification, the enzymatic processes can also create reactive intermediates or metabolites 
that are biologically active (Walker et al. 2012). For example, in living organisms DDT is 
metabolized to DDE, which is lipophilic and toxic (World Health Organization 1989).  
In addition to all human-produced chemicals, some compounds are naturally present on Earth 
as is the case with metals. Metals are ubiquitous but human activities have increased their 
emission through mining and smelting, making them pollutants. A contaminant will be 
referred to as a “pollutant” when it exceeds normal background levels and can cause harm 
(Walker et al. 2012). However, in the present thesis whether or not a contaminant is a 
pollutant, the designation “contaminant” is used as a general term. Although there is no clear 
definition for a heavy metal, heavy metals are commonly defined as those with a specific 
density exceeding 5g/cm
3
 (Järup 2003). Nevertheless, the term was replaced by a 
classification scheme that considers chemistry rather than relative density (Nieboer & 
Richardson 1980). The main threats to human and wildlife health induced by heavy metals are 
associated with exposure to lead, cadmium, mercury (Hg) and arsenic. Contrary to POPs, 
heavy metals are non-biodegradable. Detoxification consists in hiding active metal ions 
within a protein or depositing them in insoluble forms in intracellular granules for long-term 
storage or excretion (Walker et al. 2012). In this thesis the focus was on Hg, a non-essential 
heavy metal. Nowadays, the emission of Hg is almost exclusively the result of anthropogenic 
activity (Walker et al. 2012). Hg can become organic through the action of bacteria; its 
methylated form Hg is very stable and can also bioaccumulate and biomagnify in the food 
web (Atwell et al. 1998). The organic form of Hg is highly toxic as it passes the blood-brain 
barrier owing to its lipid solubility (Zahir et al. 2005). After the Minamata Bay tragedy in 
1950, extra focus was directed towards the toxic effects of Hg on health (Kudo et al. 1998; 
Zahir et al. 2005): a chemical factory had released Hg into Minamata Bay, Japan, resulting in 
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the death of more than 100 people and the paralysis of several thousands of people through 
fish consumption (Kudo et al. 1998).  
Despite the restrictions placed on legacy POPs and the awareness of Hg toxicity, these 
contaminants are still recorded in large amounts in organisms distant from industrialized areas 
such as polar regions.  
 
The French Polar Institute’s ship “The Astrolabe” approaching Adélie Land.  
“If any area of the world were to be free of pesticidal chemicals, it would seem probable that 
the Antarctic would be such a place, because there are literally no pests and relatively few 
animals or plants on the continent, and there is no knowledge of any application of pesticides 
there” (George & Frear 1966).  
INTRODUCTION 16 
 
The primary aim of studies monitoring contaminants in polar regions was to establish 
background concentrations in pristine areas (George & Frear 1966; Clausen et al. 1975). 
However, very high levels of environmental contaminants sometimes exceeding those found 
in industrialized cities were reported in air, soil and animal tissues (Wania & MacKay 1993). 
Polar regions (the Arctic and the Antarctic), though very distant from industrialized areas and 
agricultural activity, are the fallout regions for long-range transport contaminants (POPs and 
Hg). Polar regions are contaminated by air masses from mid-latitudes due to several physical-
chemical properties of contaminants such as volatility, temperature and “global distillation” 
(Wania & MacKay 1993; Ariya et al. 2004; Lu et al. 2008). Indeed, a contaminant’s volatility 
and the ambient temperature will significantly influence its distribution (Wania & MacKay 
1993). Polar regions are characterized by very cold temperatures, which trigger the 
condensation of contaminants present in the atmosphere (Figure 2A; Wania & MacKay, 
1993; Ariya et al. 2004; Lu et al. 2008), and the life of contaminants is thereby greatly 
prolonged (George & Frear 1966). These contaminants are then deposited into soil, water, 
aerosols, snow and ice (Wania & MacKay, 1993; Ariya et al. 2004) with an ultimate sink in 
the ocean (Walker et al. 2012). The transfer of contaminants to organisms occurs via the food 
web (Atwell et al. 1998; Bargagli et al. 1998; Borgå et al. 2001). And, as previously 
mentioned, most contaminants can bioaccumulate inside organisms and biomagnify along the 
food web (Figure 2B; Atwell et al. 1998; Bargagli et al. 1998; Borgå et al. 2001).  
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Consequently, marine apex predators such as polar bears, seals, whales and seabirds are 
particularly vulnerable to the hazardous biological effects of contaminants (Wolfe et al. 
1998; Gabrielsen et al. 2007; Tan et al. 2009; Letcher et al. 2010; Verreaut et al. 2010).  
1.2. Hazardous biological effects and endocrine disruption 
 
Two methods are generally used to assess the harmful effects of contaminants (Gabrielsen 
2007; Walker et al. 2012). The first one consists in extrapolating from levels in the wild and 
comparing them with those known to cause toxic effects in laboratory species (Ottinger et al. 
2002). The second method is to investigate correlations between biomarker endpoints (e.g., 
immunity, hormones, pathologies, reproduction, development, etc.) and tissue levels of 
contaminants (Gabrielsen 2007; Muir & de Wit 2010). However, cause and effects are 
difficult to assess in such studies. In field studies, it is indeed complex to determine a causal 
relationship between an observed effect and a specific contaminant (Gabrielsen 2007; Muir & 
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de Wit 2010): the effect could simply result from other confounding factors. Experimental 
studies on captive animals have set threshold levels beyond which adverse effects are known 
to be observable. Nevertheless, most laboratory studies use either a unique compound at high 
doses or a mixture of several compounds, which is never representative of exposure in the 
wild. Correlational studies can better inform on the relationships between contaminants and 
biomarkers, individuals being usually exposed for a long period to many contaminants at 
sometimes low doses. Correlational studies highlighted the fact that a wide range of 
hazardous biological effects were ascribed to legacy POPs and Hg (Wolfe et al. 1998; 
Gabrielsen et al. 2007; Tan et al. 2009; Letcher et al. 2010; Verreaut et al. 2010).  
For example, DDT can induce eggshell thinning in birds (e.g., Bitman et al. 1970; Cooke 
1973); Hg and POPs may impact breeding capacities, for instance causing abnormal breeding 
behaviors, reduced fertility or poor breeding success (Harrison et al. 1997; Wolfe et al. 1998; 
Taylor & Harrison 1999; Bustnes et al. 2003a, 2007; Gabrielsen 2007; Fredericks & Jayasena 
2009; Letcher et al. 2010; Verreault et al. 2010). Globally, hazardous effects of contaminants 
were reported on reproduction, neurotoxicity, immunotoxicity, genotoxicity; and hazardous 
effects on the hormonal system were also observed (Colborn et al. 1993; Wolfe et al. 1998). 
Since the 1940s, the effects of endocrine-disrupting chemicals (EDC) are evident in several 
raptor species (Ratcliffe 1970). Broken eggs attributable to parental destruction were found in 
nests of peregrines (Falco peregrinus), Eurasian sparrowhawks (Accipiter nisus) and Scottish 
golden eagles (Aquila chrysaetos), and occurred concurrently with a decrease in eggshell 
weight (Ratcliffe 1970). This reproductive failure due to eggshell thinning was the 
consequence of contamination by DDE, a DDT metabolite (Ratcliffe 1970). This is probably 
the first example of endocrine disruption in wildlife. A plausible mechanism of action was 
only discovered recently: DDT metabolites could enhance estrogenic metabolism, and 
eggshell thinning in avian wildlife could result from a functional malformation in the shell 
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gland, induced by embryonic 
exposure to estrogenic substances 
(Figure 3; Dawson et al. 2000; 
Berg et al. 2004; Holm et al. 2006).  
In 1962 Rachel Carson published 
“Silent Spring”, which led to 
increasing public concern about 
chemicals that could have harmful 
effects on wildlife and human 
health (Carson 1962). Then, in 1979 
a series of conferences was 
launched, bringing together a group 
of expert scientists dealing with “chemically induced alterations in sexual development” with 
a specific focus on estrogens in the environment (e.g., McLachlan et al. 1984). Yet, it was 
only in the mid-1990s that Colborn et al. (1996), by publishing their book “Our stolen future”, 
brought worldwide attention to scientific discoveries about endocrine disruption and to the 
fact that common contaminants can interfere with hormonal pathways. This book played a 
key role in raising public awareness and concern about endocrine disruption and motivated 
many environmental groups to call for the banning or strict regulation of all man-made EDCs.  
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Endocrine disruptors can be chemicals which, 1) as a consequence of their molecular 
structure, bind to hormone receptors, and consequently mimic or antagonize the action of the 
natural ligand, 2) indirectly affect hormone concentrations by altering their synthesis or 
metabolism, or 3) interfere with signaling between different components of the hypothalamus-
pituitary-endocrine axis (Figure 4; Dawson 2000). EDCs can act at very low concentrations, 
and their action has widely been 
investigated in laboratory 
studies (e.g., Amaral Mendes 
2002; Ottinger et al. 2005, 
2008). Yet, the effects of EDCs 
on wildlife were studied to a 
lesser extent and mainly focus 
on reproductive and thyroid 
hormones (Colborn et al 1993; 
Giesy et al. 2003; Tyler et al. 
1998; Vos et al. 2008; Tan et al. 
2009; Tyler et al. 1998; Ottinger et al. 2013). However, the relationships between 
contaminants, especially legacy POPs and Hg, and some hormones highly involved in 
breeding decisions have rarely been studied in free-ranging bird species (Franceschini et al. 
2009; Wada et al. 2009; Bergman et al. 2013; Verreault et al. 2008; Herring et al. 2012; 
Nordstad et al. 2012; Verboven et al. 2010). Specifically, in this thesis I focused on the 
capacity of legacy POPs and Hg to act as endocrine disruptors, on the hormonal 
mechanisms related to breeding decision.  
1.3. Breeding decision and targeted hormones 
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In the present study, the term “breeding decision” refers to the different choices an individual 
has to make along the breeding cycle (Figure 5). Some decisions have to be made at the 
beginning of the cycle (hereinafter referred to as “the pre-laying phase”), such as “whether or 
not to breed”, “when to lay eggs”. And other decisions will be made during the parental phase 
(incubation and chick-rearing period), such as “what level of parental investment to devote” 
or “whether or not to abandon reproduction”.  
 
For example, in the case of predation risk or food shortage during the parental phase, 
important decisions have to be made: to abandon reproduction or continue to provide care to 
the brood. This would refer to the evolutionary trade-offs made by an individual, which will 
favor either its own survival or that of its brood (Drent & Daan 1980). Of course, these 
decisions are significantly influenced by environmental conditions. For example, if 
environmental conditions are good, an individual will be able to store enough energy to breed 
and perhaps successfully raise its offspring. If conditions are poor, all the available energy of 
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an individual will be directed towards its survival rather than reproduction, especially in long-
lived organisms that will not jeopardize their survival and will act as “prudent parents” (Drent 
& Daan 1980; Bókony et al. 2009). Accordingly, some physiological mechanisms essential to 
the onset of breeding will not be activated. Indeed, as previously mentioned, all of these 
decisions are under hormonal influence. Hormones are chemical messengers that facilitate 
communication within the vertebrate endocrine system. They regulate a wide array of 
physiological processes such as growth, maintenance, reproduction, energy availability 
(reviewed in Lister & van der Kraak 2001).  In the framework of breeding decisions, I will 
specifically focus on three hormones: a hormone involved in the onset of breeding 
(luteinizing hormone, LH), a hormone involved in the expression of parental care 
(prolactin, PRL) and stress hormones (glucocorticoids), with particular attention to the 
latter. As previously mentioned, the relationships between legacy POPs, Hg and these three 
hormones are poorly investigated in free-ranging organisms and will be the main topic of this 
thesis. 
In vertebrates, the onset of breeding involves the activation of the hypothalamic-pituitary-
gonadal axis (hereinafter referred to as HPG axis) from environmental cues such as increasing 
day light and increasing temperature (Schaper et al. 2012; Caro et al. 2013) but also social 
stimulation (Caro et al. 2007): these cues will activate the expression of a neuro-hormone, 
Gonadotropin Releasing Hormone (GnRH), which triggers LH secretion from the anterior 
pituitary. LH secretion is pulsatile and reaches higher levels during the pre-laying phase. LH, 
together with follicle-stimulating hormone (FSH), promotes gonadal maturation, sex steroid 
secretion and, in turn, sexual behaviors (Figure 6; Norris & Carr 2013).  
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PRL is an anterior pituitary hormone involved in more actions than that of all other pituitary 
hormones combined (Bole-Feysot et al. 1998); it is historically known as the lactation 
hormone in mammals (Stricker & Grueter 1928). In vertebrates, PRL is highly involved in 
parental care, such as mucus production or fanning behavior in fish (Blüm & Fiedler 1965; 
Ruiter et al. 1986), and in birds PRL induces nest building, nest attendance, incubation and 
brooding behaviors (Figure 6; Janik & Buntin 1985).  
Finally, stress hormones, such as glucocorticoids, are produced in the case of a stressful event 
(e.g., inclement weather, food shortage, predation). At the endocrine level, an environmental 
disturbance will stimulate the hypothalamic–pituitary–adrenal (HPA) axis: specifically, the 
corticotropin-releasing hormone (CRH) will be released from the hypothalamus and will then 
stimulate adrenocorticotropic hormone (ACTH) secretion from the anterior pituitary, which in 
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turn will activate the synthesis of glucocorticoid hormones (cortisol, corticosterone: CORT) 
from the adrenal cortex (Figure 6; Wingfield 2013). In birds, up to 90% of CORT released 
into the bloodstream will bind to corticosteroid-binding globulin (CBG) and will be 
transported to target cells. Concurrently, glucocorticoids will provide negative feedback 
signals for ACTH and CRH release (Wingfield 2013). This hormonal cascade triggers an 
array of physiological and behavioral adjustments that shift energy investment away from 
reproduction and redirect it towards survival (Wingfield & Sapolsky 2003).  
LH, PRL and CORT significantly mediate fitness-related traits. Fitness is defined as the 
“reproductive power”, the rate of energy conversion into offspring (e.g., Brown et al. 1993). 
For example, in birds, egg-laying date, incubation length, number of offspring that hatched or 
number of offspring that survived can be used as a proxy of breeding success and therefore 
fitness. 
1.3.1. From pre-laying to egg laying: role of LH and CORT in 
reproductive decisions 
 
The timing of breeding is significantly constrained by LH and CORT. Several studies 
explored the respective roles of LH and CORT in relation to reproduction (Schoech et al. 
1996; Goutte et al. 2010a, 2010b, 2011a).  
In female polar seabirds such as black-legged kittiwakes (Rissa tridactyla) and snow petrels 
(Pagodroma nivea), the decision to breed or not, a phenomenon frequently observed in 
seabirds (Chastel et al. 1993, 1995; Cam et al. 1998), is associated to higher concentrations of 
baseline CORT during the pre-laying phase (Goutte et al. 2010a, 2010b).  
In female kittiwakes, low LH concentrations (induced by a GnRH injection) were also related 
to non-breeding events and, interestingly, LH decreased with increasing baseline CORT 
(Goutte et al. 2010b). In contrast, in snow petrels of both genders, it was rather the inability to 
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maintain high LH concentrations (30 min. following GnRH injection) that predicted the 
probability to forgo breeding (Goutte et al. 2011a). Additionally, snow petrels’ age was also 
related to baseline LH concentrations and GnRH-induced LH concentrations after 30 minutes: 
baseline LH concentrations increased with increasing age and LH concentrations 30 minutes 
after GnRH injection were lower in very young and very old snow petrels (Goutte et al. 
2011a).  
With regard to egg-laying dates, in female kittiwakes the first egg-laying date is negatively 
correlated to body condition (i.e., the better the condition, the earlier a female will lay), 
whereas egg-laying dates are positively related to testosterone concentrations in male 
kittiwakes (Goutte et al. 2010b). In kittiwakes, the male provides food to the female prior to 
egg laying (e.g., Kempenaers et al. 2007). One may thus suppose that high testosterone 
concentrations would result in increased activity to provide food, which would directly 
increase the female’s body condition, or in an increased mating effort (Kempenaers et al. 
2007). Both cases result in an advanced egg-laying date. In snow petrels, egg-laying date was 
positively related to baseline CORT (Goutte et al. 2010a).  
1.3.2. Parental phase, from incubation to chick rearing: the role of PRL 
and CORT  
 
In incubating or chick-rearing birds, both PRL and CORT can mediate several behaviors and 
their secretion is believed to be modulated according to brood value (Chastel et al. 2005; 
Angelier & Chastel 2009; Angelier et al. 2013).  
During stressful events CORT enables behavioral adjustments that shift energy investment 
away from reproduction and redirects it towards self-preservation and hence survival 
(Ricklefs & Wikelski 2002; Wingfield & Sapolsky 2003; Angelier & Wingfield 2013). CORT 
is therefore strongly connected with fitness traits such as breeding success, individual quality 
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and survival (Kitaysky et al. 1999; Breuner et al. 2008; Angelier et al. 2009a, 2010; Bonier et 
al. 2009; Bókony et al. 2009; Goutte et al. 2010, 2011b; Breuner 2011).  
Additionally, the hormone prolactin (PRL) can also mediate this life-history trade-off between 
reproduction and survival in free-living birds (reviewed in Angelier & Chastel 2009). The 
release of this anterior pituitary hormone stimulates and facilitates parental behavior such as 
egg incubation and brood provisioning (Buntin 1996). In response to acute stress, circulating 
PRL levels have been shown to decrease in several bird species (Chastel et al. 2005; Angelier 
& Chastel 2009; Angelier et al. 2013), and this could ultimately trigger nest desertion if PRL 
levels remain low during a prolonged period (Angelier et al. 2007, 2009b; Angelier & Chastel 
2009; Heidinger et al. 2010). Importantly, this decrease in PRL levels varies between 
individuals and life-history stages, suggesting that birds are able to attenuate their PRL 
response to acute stress in order to ensure that reproduction is not inhibited when the fitness 
value of the current reproductive event is high (“brood value hypothesis”; Bókony et al. 2009; 
Lendvai et al. 2007).  
Hence, both CORT and PRL are very likely to mediate parental effort and parental investment 
in birds (Koch et al. 2004; Chastel et al. 2005; Criscuolo et al. 2005; Angelier et al. 2007, 
2009b, 2013; Groscolas et al. 2008) and any disruption of these hormones may alter an 
individual’s ability to adjust reproductive decisions to environmental conditions (Jenssen 
2005). 
As previously mentioned, the relationships between Hg, legacy POPs, LH, PRL and CORT 
have rarely been studied in free-ranging species. Only three studies on wild bird species have 
focused on the relationships between Hg and CORT (Franceschini et al. 2009; Wada et al. 
2009; Herring et al. 2012), two on the relationships between POPs and CORT (Verboven et 
al. 2010; Nordstad et al. 2012), and only one has investigated the relationships between POPs 
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and PRL (Verreault et al. 2008). To date, no study was aimed at studying the relationships 
between Hg and PRL; there is thus a clear gap in studies investigating the relationships 
between contaminants and some hormones involved in reproductive decisions. 
2. OBJECTIVES AND METHODS 
2.1. Overall and specific objectives 
 
2.1.1. Seabirds, biomonitors of marine environment contamination 
 
Seabirds in particular are good biomonitors of marine environment contamination (Furness 
1993). Firstly, top predators accumulate elevated amounts of contaminants (Atwell et al. 
1998; Borgå et al. 2003). Secondly, seabirds are long-lived animals; they would thus 
accumulate contaminants in their tissues over a long lifespan, with more time for the 
hazardous effects of contaminants to become visible (Rowe et al. 2008). Seabirds are also 
“capital breeders”: they need to accumulate energetic reserves through fat, to be able to breed 
(e.g., Chastel et al. 2005). Body condition (which reflects energetic storage) is therefore a 
crucial factor for reproductive success (Chastel et al. 1995) and, given the fact that many 
contaminants are lipophilic, seabirds may be more vulnerable to contaminant hazards.  
In this thesis, I mainly studied two polar seabird species: the Arctic breeding black-legged 
kittiwake (Rissa tridactyla, hereinafter referred to as ‘kittiwake’) and the Antarctic snow 
petrel (Pagodroma nivea). Species’ ecology and study sites are described in detail in the 
following section “2.2.1 Study sites and species”. Both species are colonial, tame and large 
enough (~400g) for large amounts of blood (1.5ml) to be sampled without inducing health 
hazards.  
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Kittiwakes are subjected to a long-term hormonal survey (IPEV prog 330 to O. Chastel; 
Goutte et al. 2014a) and snow petrels to a long-term ringing survey running from 1964 to the 
present day (IPEV prog 109 to H. Weimerskirch). As a consequence, many snow petrels are 
of known age. Very few studies have investigated the influence of age on contaminants in 
adult bird species, and the patterns are often contradictory (Furness & Hutton, 1979; Hutton 
1981; Thompson et al. 1991; Bustnes et al. 2003b). Besides, hormonal secretion of PRL, 
CORT and LH are tightly related to age in long-lived seabirds such as snow petrels (Angelier 
et al. 2007; Goutte et al. 2010b, 2011a).  Therefore, one objective of this thesis was to 
incorporate age into the study of endocrine disruption. I specifically tested if some age classes 
would be more susceptible to endocrine disruptors in snow petrels.  
Additionally, kittiwakes and snow petrels are known to bear significant amounts of Hg and 
POPs (Nettleship & Peakall, 1987; Savinova et al. 1995; Bargagli et al. 1998; Campbell et al. 
2005; Xie et al. 2008; Corsolini et al. 2011; Nordstad et al. 2012; Goutte et al. 2013). These 
significant amounts of contaminants can increase baseline CORT secretion and alter 
coloration of carotenoid-based integuments in kittiwakes (Nordstad et al. 2012; Blévin et al. 
2014).  
CORT and POP data were also available for 5 other species feeding at different trophic 
positions: two Arctic species sampled in Svalbard by Norwegian and Canadian collaborators, 
the common eider Somateria mollissima and the glaucous gull Larus hyperboreus, and three 
Antarctic species, the wandering albatross Diomedea exulans sampled in Crozet Islands, the 
cape petrel Daption capense and the south polar skua Catharacta maccormicki sampled in 
Adélie Land.  
2.1.2. Thesis objectives 
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As previously mentioned, contaminants are well-known endocrine disruptors but most studies 
have mainly focused on disruption of sex steroids or thyroid hormones (e.g., Tyler et al. 1998; 
Tan et al. 2009). Breeding decisions are mediated by hormones, among which LH, PRL and 
CORT can predict decisions such as whether or not to breed, when to breed, what parental 
investment to make (e.g., Goutte et al. 2010a, 2010b; Goutte et al. 2011a; Angelier & Chastel 
2009). However, the relationships between contaminants and LH, PRL or CORT have seldom 
been studied in free-ranging seabirds (Verreault et al. 2008; Verboven et al. 2010; Nordstad et 
al. 2012). The aim of the present thesis was to investigate the relationships between POPs 
(OCPs and PCBs), Hg and hormones involved in breeding decisions (LH, PRL and CORT), 
and also identify which contaminant would act on the HPA axis. These investigations were 
carried out during two periods of the breeding cycle, the pre-laying phase and the parental 
phase.  
Firstly, during the pre-laying phase, I investigated the relationships between Hg and LH 
through a GnRH challenge. LH is a crucial hormone for the onset of breeding, therefore I also 
explored how age could interact with this relationship. I also examined the relationships 
between POPs and CORT in female pre-laying kittiwakes. 
Secondly, during the parental phase, I tested whether POPs and Hg were related to CORT and 
PRL secretion. I conducted a study on the relationships between CORT and PCBs in 7 polar 
seabirds. Then, I tested whether different aspects of the HPA axis of incubating male 
kittiwakes were related to Hg, PCB and OCP concentrations in blood. To do so, I first 
measured the CORT response to a restraint stress protocol. Birds were then injected with 
exogenous dexamethasone (DEX, a potent CORT agonist) to test the efficiency of the 
negative feedback. And finally, birds were injected with exogenous ACTH, a protocol used in 
several bird species to test adrenal responsiveness. The last experiment was to test whether the 
hazardous effects of contaminants could be exacerbated during a stressful situation. To do so, 
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I experimentally increased CORT levels by implanting CORT or placebo pellets and 
measured the effects of increased stress response on contaminant/hormones relationships.  
2.2. Methods 
 
2.2.1. Study sites and species 
 
Most of the data used in this thesis were collected during 3 fieldwork sessions (1.5 months in 
2011, 1.5 months in 2012, and 3 weeks in 2013) in Svalbard (Arctic) and one 2-month 
fieldwork session in Adélie Land (Antarctica, from December 2012 to January 2013). 
Snow petrels in Adélie Land 
The study was carried out on Ile des Pétrels, Pointe Géologie Archipelago, Adélie Land (140° 
01′ E, 66° 40′ S), Antarctica. Snow petrels (250–500g; Figure 7) are very long-lived birds 
with low annual fecundity and high adult life expectancy (Chastel et al. 1993; Jenouvrier et al. 
2005). Like all procellariiform species, breeding pairs lay only one egg per season, with no 
replacement clutch in case of failure (Chastel et al. 1993; Barbraud & Weimerskirch 2001). 
Age at first breeding is 10 years on average and birds breed annually, although a significant 
proportion of birds skip the breeding season (Chastel et al. 1993). Nest and mate fidelity is 
high (Bried et al.  2003). Males and females provide roughly similar amounts of parental care 
(incubation of the egg and care for the chick). Birds arrive on the breeding ground in early 
November. The courtship and mating period typically lasts about 2 weeks. Then, individuals 
of both genders forage at sea to accumulate resources and females build up reserves for the 
egg (pre-laying exodus). The laying period ranges from late November to mid-December. 
Within one breeding season, egg-laying dates differ between individuals over a 2-week period 
(Barbraud et al. 2000). The ongoing snow petrel population mark-recapture programme began 
in 1964 (see Chastel et al. 1993; Barbraud & Weimerskirch 2001 for detailed methodology). 
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Each chick of the monitored colonies was banded prior to fledging every year since 1964. Part 
of the current population is thus of known age. 
 
Kittiwakes in Svalbard 
The study was carried out in a colony at Kongsfjorden, Svalbard (12° 13′ E, 78° 54′ N), 7km 
southeast of Ny-Ålesund, Norway. Kittiwakes (340-500g, Figure 8) are colonial seabirds that 
breed on cliffs throughout the northern parts of the Pacific and Atlantic, including the Barents 
Sea region up to the Svalbard Archipelago (Anker-Nilssen et al., 2000). At Kongsfjorden, 
kittiwakes generally arrive at the colony in early April. April and May are devoted to nest 
building, nest defence and mating. Egg laying generally starts in mid-June; clutch size varies 
from 1 to 3 eggs but in most cases only 2 eggs are laid. Eggs are incubated by both parents 
and incubation lasts approximately 27 days (Coulson 2011). After hatching, the first 10 to 15 
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days are energetically costly for the parents; they have to alternate nest attendance in order to 
keep the chick warm, with foraging at sea. Once the chick is thermally independent the 
parents are more rarely observed on the nest and mainly come back to feed their chicks. 
Kittiwakes fledge at around 40 days of age (late August/early September), and start breeding 
at the age of 3 to 4 years (Coulson 2011). 
 
2.2.2. Blood sampling, morphometrics and fitness measurements 
 
Snow petrels were caught by hand on their nest whereas kittiwakes were captured on their 
nest with a noose at the end of a 7-m fishing rod (Figure 7-8). Immediately after capture (i.e., 
within 3 min.), both species are subjected to a standardized capture/restraint stress protocol as 
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described by Wingfield (1994): an initial blood sample (300µl) is collected from the alar vein 
using a 1-ml heparinized syringe and a 25-gauge needle. This initial blood sample reflects 
baseline hormone concentration (e.g., Chastel et al. 2005). After the initial blood sample 
collection, birds are placed into a cloth bag and a subsequent sample (1.5ml) is collected 30 
minutes after capture (Figure 9). This blood sample facilitates the measurement of hormone 
modulation when an individual is subjected to stress, and is also used to measure 
contaminants. After centrifugation hormones are measured in plasma, Hg concentration is 
determined in red blood cells (~200µl) and POP concentration in plasma/whole blood (~1ml) 
depending on the lab. Focal birds are then marked on the forehead with a small spot using a 
water erasable marker in order to distinguish them from their partner from a distance.  
 
Birds were individually marked with metal bands (snow petrels and kittiwakes) and PVC 
plastic bands engraved with a three-digit code (for kittiwakes), fixed to the bird's tarsus, for 
identification from a distance. Birds were weighed to the nearest 2g using a Pesola spring 
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balance, and their skull length (head + bill) was measured to the nearest 0.5mm with a sliding 
calliper. For each individual, I calculated a body condition index by using the scaled mass 
index equation (Peig & Green 2009). Every two days, all nests were checked to monitor 
breeding decision (at least one egg laid or no egg laid) and egg-laying dates. Then, with the 
same technique, I checked the nest content every 2 or 3 days to monitor the number of eggs 
that hatched (hatching success) and the number of chicks that reached 40 days of age for snow 
petrels or at least 12 days of age for kittiwakes (hereinafter referred to as  “breeding success”).  
2.2.3. Hormone manipulations 
 
GnRH challenge [PAPER I; II] 
A first blood sample was collected from the alar vein with a syringe immediately after capture 
to determine baseline LH concentrations in plasma. Then, birds were immediately injected 
with 0.1ml of a GnRH solution in the second alar vein ([Gln8], Sigma Lot 121H04314). The 
GnRH was dissolved in a physiological solution to yield a dosage of 0.6mg for 0.1ml (about 
1.5mg/ kg body mass in 1ml of 0.9% saline solution). A GnRH injection elicits a maximal LH 
increase after 10 minutes, and this response documents the ability of the pituitary to release 
LH. Measuring LH levels 30 minutes following the GnRH challenge can provide information 
on an individual’s capacity to maintain high LH concentrations. Blood samples were therefore 
collected from alar veins 10 and 30 minutes following the GnRH injection to measure LH 
concentrations in plasma (Figure 10).  
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CORT pellet implantations [PAPER V] 
Immediately after the first blood sample, male kittiwakes were implanted subcutaneously 
either with a CORT (25mg/pellet 15-day release, G111, N=22) or a placebo (25mg/pellet 15-
day release, C111, N=21) pellet. Pellets were obtained from Innovative Research of America 
(Sarasota) and surgical equipment was sterilized with 90% alcohol. A small incision (~5mm) 
was made on the nape of the neck using a sterilized surgical scalpel and the pellet was 
inserted with a sterilized bent clip. The incision was then sutured with surgical glue (3M 
Vetbond) and disinfected with aluminum spray (Vetoquinol Aluspray, Figure 11).  
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The operation lasted about 10 minutes and the implantation day was denoted as “day 0”. To 
validate the CORT treatment, 4 CORT and 4 placebo birds (different ones each time) were 
recaptured on day 1, 2, 3, 7 and were subjected to a “baseline” blood sampling. On day 11, 
most kittiwakes were recaptured and sampled for baseline and stress-induced hormone 
concentrations (Figure 12).   
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Testing HPA axis activity [PAPER VII] 
After 30 minutes, at the end of the capture/restraint stress protocol, birds were injected with 
DEX then put back into the cloth bag. Fifteen minutes later, I collected a third blood sample 
and then immediately injected ACTH, after which the birds were replaced into the bag again. 
Fifteen minutes following the ACTH injections, I collected a fourth and final blood sample. 
All injections were performed intramuscularly in the pectoral muscle. Concentrations were 
adapted to a 400-g body mass, which is the average body mass of incubating male kittiwakes. 
I therefore injected 0.2ml of DEX (Dexazone 2mg/ml Virbac, France) and 0.1ml of porcine 
ACTH (Sigma Aldrich, 100IU A6303 dissolved in 0.5ml Ringer’s physiological solution), to 
obtain doses of 1mg/kg dexamethasone (DEX) and 50IU/kg ACTH, which are considered as 
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sufficient to elicit maximal CORT decrease and increase (Figure 13). The stress series were 
shortened compared to those used in laboratory studies: blood samples were collected 15 
minutes after each injection versus 45 minutes normally used to elicit maximal CORT 
responses induced by DEX and ACTH (Schmidt et al. 2012). I shortened the stress series to 
avoid leaving the nests unattended for a long period (which may increase the risk of the nest 
being predated).  
 
2.2.4. Hormone and contaminant assays 
 
Hormones were measured in plasma by radioimmunoassay at the CEBC (Villiers-en-Bois, 
France) and Hg was measured in red blood cells using an Advanced Hg Analyzer 
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spectrophotometer at LIENSs (La Rochelle, France). For kittiwakes, POPs were measured in 
whole blood samples by GC-MS at NILU (Tromsø, Norway) and, for snow petrels, POPs 
were measured in plasma by GC-ECD at EPOC (Bordeaux, France). For kittiwakes, the 
targeted compounds included 13 PCBs (CB-28, -52, -99, -101, -105, -118, -128, -138, -153, -
180, -183, -187 and -194) and 10 OCPs (p,p’-DDE, α-, β-, γ-HCH, HCB, oxychlordane, trans-
, cis-chlordane, trans-, cis-nonachlor); and for snow petrels: 7 indicator PCBs (CB-28, -52, -
101, -118, -138, -153 and -180) and 11 OCPs (HCB, Gamma HCH, Heptachlore, cis-
chlordane, trans-nonachlor, 2,4' DDE, 4,4’ DDE, 4,4' DDD, 2,4' DDT, 4,4' DDT and mirex). 
Detailed methods are described for the LH assay and GnRH challenge in [PAPER I; II], for 
the CORT assay in [PAPER III; IV; VI; VII], and for the PRL assay in [PAPER IV; V]. 
Total blood Hg is found in [PAPER I; II; IV; V], POPs measured at EPOC in [PAPER IV], 
and POPs measured at NILU in [PAPER III; VI; VII].  
3. DISCUSSION 
 
This section is organized in two parts: the pre-laying phase and the parental phase. Due to 
differences in energy cost across the breeding cycle, diet and body condition will vary, which 
in turn will modify contaminant concentrations in blood (Figures 14, 15).  
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Additionally, hormone concentrations - mostly those involved in breeding decisions - are 
released cyclically according to the physiological function they trigger (mating, egg laying, 
incubating, chick feeding, etc.; Figures 16, 17). The different breeding decisions would 
therefore be perfectly timed in order to adjust the individuals’ needs to environmental 
resource availability. Given these variations, the relationships between contaminants and 
hormones may differ according to the breeding cycle. To illustrate the main results, I mostly 
used kittiwake-related data as these were obtained from 3 successive years including at least 
two phases of the breeding cycle each year.  
3.1. The pre-laying phase: from mating to egg laying 
 
The pre-laying phase is the part of the breeding cycle that precedes the parental phase (once 
the egg is laid); it thus includes several behaviors such as arrival at the breeding site, mate 
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choice, nest building and egg laying. During this pre-laying phase, several reproductive 
decisions have to be made: “whether or not to breed”, “which partner to choose”, “when to 
start egg laying”, “how many eggs to lay”, etc. For the pre-laying phase, the focus was on 
investigating the relationships between contaminants, LH and CORT. Several questions were 
addressed: Can Hg and some legacy POPs alter the breeding decisions that should be 
made during the pre-laying phase? If so, are they related to the same hormones? And 
what can be the underlying disrupted mechanism? The study on snow petrels provided the 
opportunity to investigate an additional question, concerning the relationships between age 
and contaminants. Can contaminant concentrations in blood vary with the age of 
individuals?  
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In pre-laying kittiwakes, the decision to breed or not could be predicted according to Hg 
concentration in blood [PAPER I]. Indeed, kittiwakes that would defer reproduction had a 
higher Hg concentration than birds that would breed, in both sexes [PAPER I]. The 
association of Hg with non-breeding events was likely to be related to LH in kittiwakes and 
snow petrels [PAPER I; II]. In pre-laying male snow petrels, blood Hg decreased with 
increasing age and this relationship was more likely to be connected with age and trophic 
niche segregation between the sexes [PAPER II]. POPs were measured in pre-laying female 
kittiwakes only, and POP concentrations in blood were not related to mating decisions 
[PAPER III]. However, body condition was associated with non-breeding events; female 
kittiwakes that would defer breeding had a lower body condition [PAPER III]. And 
interestingly, a negative association between body condition and POPs was found only in 
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females that would not breed [PAPER III]. CORT secretion induced by handling stress 
increased with increasing PCBs in pre-laying female kittiwakes [PAPER III]. Clutch size and 
breeding success were not related to Hg or POPs measured during the pre-laying period 
[PAPER I; II; III]. However, in female kittiwakes, the egg-laying date was brought forward 
with increasing blood OCPs [PAPER III].   
3.1.1. Hg, endocrine correlates and fitness 
 
To provide information on the underlying mechanism that could associate Hg with LH, 
exogenous GnRH was injected into kittiwakes and snow petrels (GnRH is the precursor of 
LH) to test whether the release of LH from the pituitary gland was disrupted by Hg [PAPER 
I; II]. In kittiwakes and snow petrels, Hg did not suppress the pituitary’s ability to release LH 
[PAPER I; II]. And the subsequent LH release following GnRH injection in relation to Hg 
differed according to gender, breeding status or age [PAPER I; II]. In kittiwakes, 
relationships between LH and Hg were exacerbated in birds that would not breed and, in snow 
petrels, in individuals that were up to 23 years old; non-breeding kittiwakes and young snow 
petrels being more Hg-contaminated than birds from other statuses or age groups, respectively 
[PAPER I; II]. Indeed, in snow petrels, younger birds were more Hg-contaminated than older 
ones, and there was more evidence for this in males [PAPER II]. Hg contamination 
principally occurs via food intake and, in snow petrels, the analysis of stable isotopes used as 
a proxy for the trophic niche revealed an age- and sex-related trophic niche segregation 
[PAPER II]. Indeed, individuals from different age groups seem to feed in different trophic 
niches where Hg bio-availability varies [PAPER II]. In both studies, the results obtained 
suggest a problem originating from the hypothalamus, which may not release enough GnRH 
in response to high Hg exposure [PAPER I; II].  
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Hg can deposit in the hypothalamus (Oliveira et al. 2006) and increase dopamine (DA) 
concentration, which is known to alter GnRH signaling (Crump & Trudeau 2008). 
Additionally, Oliveira et al. (2006) observed a decrease in GnRH content in the medial 
hypothalamus of rats fed methyl Hg (MeHg). In Hg-contaminated cutthroat trout 
(Oncorhynchus clarki), a down-regulation of GnRH genes with a concomitant up-regulation 
of GnRH receptor genes was described (Crump & Trudeau 2008). Therefore, Hg could 
decrease GnRH content in the hypothalamus and also alter its signaling, and this could be the 
reason why Hg prevents the most contaminated birds from releasing enough LH. In non-
breeding kittiwakes, this lack of GnRH stimulation may have resulted in an increase in GnRH 
receptors on the pituitary, and consequently in an over-release of LH following a GnRH 
injection [PAPER I]. However, in female kittiwakes that would not breed, baseline LH levels 
increased with increasing blood Hg. Hg is able to mimic estrogen activity by binding and 
activating estrogen receptors (Zhang et al. 2008). And interestingly, in estrogen-treated 
mammals, an increase in the pituitary’s number of GnRH receptors was observed (e.g., 
Turzillo et al. 1995). With regard to this estrogen-activity mimic by Hg, in female birds, two 
feedback mechanisms of estrogens on LH release can occur: low levels of estrogen resulting 
in a negative feedback action on LH secretion while high estrogen level results would entail a 
positive feedback action increasing baseline LH levels (Stetson 1972). Consequently, high Hg 
levels could slightly increase LH secretion in female kittiwakes that would not breed. 
However, measured LH levels were still significantly below that of females able to breed 
[PAPER I]. Within the snow petrel class most contaminated by Hg (the younger ones), I did 
not observe such an over-release of LH [PAPER II]. However, in snow petrels that were up 
to 23 years old, LH was negatively associated with Hg [PAPER II]. And this could explain 
why a large proportion of snow petrels do not breed each year (Goutte et al. 2011a). 
Endocrine responses and sensitivity to Hg contamination could be highly species-specific. For 
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example, average Hg concentrations in blood in brown skuas were much higher than in south 
polar skuas (8.2 ± 0.2 and 2.2 ± 0.2 µg●g
-1
 dw, respectively); however, south polar skuas 
suffered from higher Hg-induced breeding failure than their close relatives (Goutte et al. 
2014b). It is thus possible that kittiwakes could be more sensitive to Hg than snow petrels and 
would react more strongly to slightly lower Hg concentrations.  
Although my study was correlational and would require experimental manipulation of 
contaminants (Frederick & Jayasena 2011; Hammerschmidt et al. 2002), there is evidence of 
causal effects since Hg administration can alter pairing in white ibises (Eudocimus albus), 
suppress spawning in fathead minnows (Pimephales promelas) (Frederick & Jayasena 2011; 
Hammerschmidt et al. 2002) and decrease baseline LH and testosterone in laboratory rats 
(Ramalingam et al. 2003). Moreover, there is some evidence that Hg can deposit in the 
hypothalamus and alter GnRH content and signaling (Oliveira et al. 2006; Crump & Trudeau 
2009). The onset of breeding is significantly controlled by an increase in circulating LH in 
plasma (Follet et al. 1975; Sharp 1975). If these concentrations are not high enough 
individuals will be less receptive to mating behaviors (Bentley et al. 2006). Hg measured in 
pre-laying kittiwakes’ blood was not related to egg-laying date, hatching success, breeding 
success or return rate the following year [PAPER I]. However, Hg clearly correlates with the 
decision to breed or not, which is a major fitness penalty [PAPER I].  
3.1.2. POPs, endocrine correlates and fitness 
 
In female kittiwakes, the decision to breed or not was not related to POPs [PAPER III]. Yet, 
as found in other studies (Chastel et al. 1995; Goutte et al. 2010a, 2011c), female kittiwakes 
that did not breed had a lower body-condition index [PAPER III]. Interestingly, in females 
that would not breed, decreasing condition was associated with increasing blood POPs 
[PAPER III]. Organic pollutants are lipophilic; if body fat reserves are low, organic 
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pollutants can be redistributed through the bloodstream and be more likely to migrate to 
sensitive vital organs such as the brain, kidneys and liver (Fuglei et al. 2007; Henriksen et al. 
1996). It is therefore plausible that the most polluted non-breeding female kittiwakes may be 
in lower body condition because they are expending more energy in detoxification than 
breeders.  
Stress-induced CORT concentrations were positively related to PCBs (not to OCPs) in pre-
laying female kittiwakes [PAPER III]. This relationship will be discussed in the next section 
(3.2. The parental phase: from incubation to chick rearing).  
Surprisingly, female kittiwakes with the highest OCP concentrations laid their first egg earlier 
in the season [PAPER III]. Similar relationships were found in some populations of glaucous 
gulls (Bustnes et al. 2003a) and great black-backed gulls (Bustnes et al. 2008). This negative 
relationship between OCP contamination and egg-laying date may not be causal: e.g., females 
laying early could be of better quality, forage at a higher trophic level and hence be more 
exposed to pesticide contamination. Along the same lines, this correlation could be the result 
of age-related processes since, in birds, old females often lay earlier than young ones (e.g., 
Goutte et al. 2010b) and those older females may possibly bear higher POP levels. In my 
study, no kittiwakes were of known age; therefore I was unable to test for a possible influence 
of age on POP levels. Another possibility could be that some OCPs (e.g., p,p’-DDE) could 
disrupt the secretion of some hormones involved in oviposition (e.g., prostaglandin). 
Prostaglandin synthesis, a major hormone involved in oviposition, can be inhibited by p,p’-
DDE in ducks (Lundholm 1997), which is inconsistent with my results yet consistent with 
those of Bustnes et al. (2007, 2008). However, many pollutants have a non-linear dose-
response relationship (Calabrese 2010; Heinz et al. 2012) and several studies have pictured an 
inverted U-shaped effect (e.g., Love et al. 2003). A low contaminant dose may enhance a 
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hormone’s synthesis while high doses may inhibit it. This hypothesis would need further 
experimental evidence, and is worth exploring.  
POPs measured in pre-laying female kittiwakes were not related to the number of eggs laid 
(clutch size) or breeding success [PAPER III]. However, another study exploring the same 
dataset as in [PAPER III] reported a negative relationship between POPs and carotenoid-
based integument coloration, which could possibly penalize mate choice. In seabirds that 
provide bi-parental care, sexual selection is mutual (Jones & Hunter 1993) and this is 
probably also the case in kittiwakes (Doutrelant et al. 2013). Coloration of carotenoid-based 
integuments may be involved in the choice of partner in kittiwakes. Carotenoid pigments are 
important for immunity and as antioxidants; carotenoid-based colors have been reported to 
provide honest signals of an individual’s quality (Leclaire et al. 2011, 2013). The coloration 
of carotenoid-based integuments was negatively associated with the sum of POPs (PCBs and 
OCPs; Blévin et al. 2014). Specifically, in female kittiwakes that would breed, eye-ring 
saturation (used as a proxy for carotenoid density) decreased with increasing POPs (Blévin et 
al. 2014), which could be the consequence of reduced immunity. There could thus be a trade-
off between the need to express colored ornamentation and detoxification processes, both 
requiring carotenoid mobilization. 
3.2. The parental phase: from incubation to chick rearing 
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 As previously mentioned, the parental phase begins once the first egg is laid and lasts until 
the chick has fledged. Several decisions have to be made during the parental phase, such as 
“what investment to make in egg incubation or in food provisioning to the chick” and, if 
environmental conditions become too harsh once parenting has begun, individuals can also 
choose to “abandon breeding”. During the parental phase two hormones are highly involved 
in these decisions, PRL and CORT, both of which can be modulated in response to a stressful 
event (Figures 16, 17). The questions addressed were the same as during the pre-laying 
phase: Do Hg and some legacy POPs affect PRL and CORT? Will these contaminants 
target the same endocrine systems? What could be the underlying mechanisms that 
could relate contaminants to hormones involved in breeding decisions? Can 
contaminant concentrations in blood vary with the age of individuals? 
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During the parental phase, in known-age snow petrels, neither Hg nor POPs were related to 
the age of individuals [PAPER IV]. Hg was related to PRL but POPs were not [PAPER IV]. 
Indeed, PRL concentrations induced by handling stress (after 30 min. of manipulation) were 
significantly lower with increasing Hg, in snow petrels and kittiwakes [PAPER IV; V]. 
Increasing Hg concentrations were related to an increased egg-neglect behavior in male snow 
petrels and to decreased breeding success in male kittiwakes [PAPER IV; V]. Moreover, 
when male kittiwakes were subjected to an increased stress (CORT pellet implantation), the 
decrease in PRL with increasing Hg was exacerbated [PAPER V].  
As in pre-laying female kittiwakes [PAPER III], I observed positive associations between 
CORT and POPs (especially PCBs) in incubating male kittiwakes and snow petrels [PAPER 
IV; VI]. In male yet not in female incubating kittiwakes, baseline and stress-induced CORT 
increased with increasing PCBs [PAPER VI], and stress-induced CORT was positively 
associated with POPs (PCBs and OCPs) in incubating snow petrels [PAPER IV]. When 
exploring the relationships between circulating CORT and PCB levels in seabird species that 
feed at different trophic positions, baseline CORT significantly increased as a function of 
Ʃ7PCBs in male kittiwakes, and a positive trend was found in female wandering albatrosses 
[PAPER VI]. Stress-induced CORT levels were positively related to Ʃ7PCBs in male 
kittiwakes and a positive trend was found in male snow petrels, whereas in male glaucous 
gulls I found a negative association between stress-induced CORT and Ʃ7PCBs [PAPER VI]. 
The general pattern including the 7 species shows a positive trend between baseline CORT 
and Ʃ7PCBs, whereas a significant inverted U-shaped pattern associates stress-induced CORT 
with Ʃ7PCBs [PAPER VI]. HPA axis activity in male kittiwakes was investigated via 
injections of DEX and ACTH [PAPER VII]. DEX provided information on the negative 
feedback functionality of CORT on the brain while ACTH provided information on adrenal 
responsiveness. CORT decrease following DEX injection was not related to contaminants 
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whereas the ACTH injection resulted in an over-release of CORT, in male kittiwakes most 
contaminated by PCBs [PAPER VII]. As regards fitness, I observed a delayed hatching date 
in male kittiwakes most contaminated by POPs [PAPER VII]. 
3.2.1. Contaminants and age 
 
Although snow petrels are very long-lived and thus exposed to contaminants over many years, 
no evidence was found that contamination was age-related, neither for POPs nor Hg. POPs 
and Hg measured in blood (plasma and red blood cells, respectively) can be correlated with 
levels found in storage organs and also adipose tissues, in birds but also chelonians and 
humans (Henriksen et al. 1998; Pauwels et al. 2000; Wayland et al. 2001; Henny et al. 2002; 
Keller et al. 2004; van de Merwe et al. 2010; Szumiło et al. 2013; Fromant et al. unpublished 
data). Contaminant concentration in blood may thus be a good proxy for the contaminant 
burden in other organs. 
The relationship between Hg and age in seabirds is often contradictory, for example liver Hg 
was found to decrease, increase or be unrelated to age (Furness & Hutton 1979; Hutton 1981; 
Thompson et al. 1991). For blood, the relationship between Hg contamination and age is also 
unclear: no relationship was found between age and Hg contamination (Gonzáles-Solís et al. 
2002; Tavares et al. 2013), but in pre-breeding snow petrels and incubating/chick-rearing cape 
petrels a negative relationship was found between blood Hg and age (Figure 18A).  
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However, these relationships were more likely the result of an age-related change in feeding 
ecology. With regard to POPs, it seems that in several bird species concentrations in different 
tissues and blood increase until a steady state is reached, often before the age of breeding 
(Donaldson et al. 1997; Newton et al. 1981; van den Brink et al. 1998). As for breeding birds, 
no age-related POP accumulation was observed in most studies (Bustnes et al. 2003b; Newton 
et al. 1981). In the present study, all snow petrels were breeders, and presumably they had 
already reached their steady-state levels.  
Besides, seabirds can biotransform PCBs and eliminate POPs through their preen gland 
(Borgå et al. 2005; Henriksen et al. 1996; Solheim 2010). Similarly, Hg can be excreted 
through feather growth (Bearhop et al. 2000). These mechanisms could partially explain the 
lack of association between blood contaminants and increasing age. Also, I had to remain 
cautious as I hypothesized that in snow petrels, as in other bird species, blood contaminant 
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levels would be representative of levels in internal tissues (Henriksen et al. 1998; Wayland et 
al. 2001; Henny et al. 2002; Szumiło et al. 2013; Fromant et al. unpublished data). However, I 
have no evidence for this relationship in snow petrels. Additionally, following food intake or 
lipid mobilization, contaminant levels in blood may fluctuate more than those in adipose 
tissues or liver and this could mask a hypothetical contaminant/age relationship.  
3.2.2. Hg, endocrine correlates and fitness 
 
All the results obtained in the present thesis seem to indicate that Hg is more concerning than 
some of the legacy POPs I analyzed here. Indeed, most of the hazardous relationships 
between contaminants and fitness were found for Hg (egg neglect, breeding success, etc.).  
To date, no studies describing relationships between PRL and Hg have been conducted on 
wildlife. The only few human studies describing such relationships were aimed at studying 
neurotoxicity of Hg, and baseline PRL was used to ascertain possible interference of Hg with 
neurotransmitters (Barregård et al 1994; Lucchini et al. 2002, 2003; Carta et al. 2003). As 
previously mentioned, Hg increases DA secretion, a neurotransmitter secreted in the zona 
incerta area of the hypothalamus (similarly to GnRH) and the main antagonist of PRL (Ben-
Jonathan & Hnasko 2001; Crump & Trudeau 2008). The negative relationships between Hg 
and PRL observed in kittiwakes and snow petrels [PAPER IV; V] are thus likely to be 
influenced by DA secretion (Ben-Jonathan & Hnasko 2001; Grattan & Kokay 2008). Indeed, 
it seems that organic and inorganic Hg can stimulate spontaneous DA release in laboratory 
rodents (Faro et al. 1997, 2000, 2002, 2003, 2007; Minnema et al. 1989) but also in wild 
larvae of a fish species (Fundulus heteroclitus; Zhou et al. 1999) and in wild American minks 
Mustela vison (Basu et al. 2005). The negative relationship observed between PRL and Hg is 
thus more likely to be indirect and will rely on an effect of Hg on the dopaminergic system. 
These studies were correlational and would nevertheless greatly benefit from further 
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experimental support. The reason for the relationships between Hg and PRL being more 
visible in males [PAPER IV; V] could be related to gender effects of Hg on DA. This was 
described in mice where MeHg altered locomotor activity in males only (Giménez-Llort et al. 
2001), and/or through protective effects of estradiol (which is higher in females) on Hg 
toxicity as reported in female mice (Olivera et al. 2006). Low PRL levels are associated with 
reduced nest attendance, greater latency prior to coming back to the nest after short-term 
stress, and reduced breeding success (Angelier et al. 2009a; Angelier & Chastel 2009).  
With regard to fitness, Hg concentrations measured in incubating snow petrels were higher in 
males that were more likely to leave their egg unattended. High Hg concentrations in blood in 
chick-rearing male kittiwakes were associated with lower breeding success [PAPER IV; V]. 
In cape petrels, Hg concentration was higher in males and females that failed reproduction 
compared to chick-rearing birds (Figure 18B). Hazardous effects of Hg in free-ranging 
species, especially Hg hazards affecting breeding success, have been widely described in free-
living populations and in laboratory experiments (see Tan et al. 2009 for a review). For 
example, free-ranging Carolina wrens (Thryothorus ludovicianus) and tree swallows 
(Tachycineta bicolor) that reproduced in Hg-contaminated areas produced fewer fledglings 
(Brasso & Cristol 2008; Jackson et al. 2011). Moreover, MeHg experimental feeding to black 
ducks (Anas rubripes) induced lower clutch size, hatched eggs and duckling survival (Finley 
& Stendell 1978). However, the mechanisms underlying these relationships often remained 
poorly understood. The fact that Hg can modify PRL secretion could be a key element to 
understand the relationships between Hg and reproductive failure.  
In extreme environments such as polar regions, individuals often experience harsh and 
unpredictable environmental conditions, and adopt different life-history strategies in order to 
cope with environmental stressors. Long-lived organisms such as seabirds may refrain from 
breeding or desert their brood when environmental conditions are too poor (e.g., Angelier et 
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al. 2007; Goutte et al. 2011a). Such behaviors (i.e., to refrain from breeding or abandon 
reproduction) are mediated by CORT release during stressful events that will shift energy 
investment away from reproduction and redirect it towards self-preservation and hence 
survival (Angelier & Wingfield 2013; Ricklefs & Wikelski 2002; Wingfield & Sapolsky 
2003). By mimicking a short (~11-day) stressful event [PAPER V], I tested whether the 
PRL/Hg relationships would be affected. The action of the CORT pellet resulted in a decrease 
in baseline and stress-induced PRL and, with regard to stress-induced PRL, the decrease was 
stronger in male kittiwakes most contaminated by Hg. This exacerbated decrease in PRL in 
birds most contaminated by Hg is difficult to interpret, but could result from an additive effect 
of CORT and Hg, both being related to decreasing PRL concentrations. This result suggests 
that, for some contaminants (at least Hg), environmental stressors (such as food shortage, 
disturbances, habitat destruction and more generally ongoing climate change) may increase 
the hazardous biological effects of contaminants. Jenssen (2006) described the interaction 
between endocrine disruptors and climate change as a “worst case combination for Arctic 
marine species”.  
3.2.3. POPs, endocrine correlates and fitness 
 
Other seabird studies investigating the relationships between CORT and POPs have reported 
associations between CORT and PCBs yet not OCPs (Lorenzen et al. 1999; Nordstad et al. 
2012). The increase in baseline CORT with increasing PCBs observed in male kittiwakes 
could result from an increased metabolism with an increasing PCB burden. Indeed, as a result 
of contamination, the organism may increase the energy allocated to detoxification (Parkinson 
& Ogilvie 2008). Some cytochrome P450 enzymes used to metabolize contaminants are in 
part regulated by CORT (Helgason et al. 2010). These enzymes convert contaminants into 
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more hydrophilic compounds, which are more easily conjugated and excreted (Bandiera 2001; 
Pascussi et al. 2003).  
In captive American kestrels, PCB administration resulted in decreased baseline CORT 
concentrations; however, PCB concentrations in liver were associated with baseline CORT in 
an inverted U-shaped pattern (Love et al. 2003). In American kestrels, baseline CORT started 
to decline when PCB concentrations in liver reached 20µg/g ww and, in free-ranging species 
highly contaminated by PCBs, such as glaucous gulls, PCBs in liver ranged from 0.1 to 
2.9µg/g ww (Savinova et al. 1995). PCB levels measured in contaminated wild seabirds are 
thus still much below those reached in American kestrels; therefore it can be suggested that 
the PCB threshold level that would induce a decline in baseline CORT is not reached in wild 
seabirds.  
With regard to stress-induced CORT levels, the positive relationship between stress-induced 
CORT and PCBs more likely results from an increase in ACTH-receptors (ACTH-R) on the 
adrenal glands than from a loss of negative feedback from CORT on the hypothalamus or the 
pituitary. Indeed, when investigating HPA axis activity in relation to POPs (PCBs and OCPs) 
in male kittiwakes [PAPER VII], I observed that CORT secretion following a DEX injection 
was not related to contaminants. As previously mentioned, DEX will saturate the GR of the 
hypothalamus and the pituitary, which will result in a CORT decrease. CORT decrease 
following DEX injection was not related to PCBs or to OCPs [PAPER VII]. This may 
indicate that environmental contaminants do not alter the functioning of GR in the brain. 
However, adrenal responsiveness increased in kittiwakes most contaminated by PCBs. An 
ACTH injection resulted in an over-release of CORT in male kittiwakes most contaminated 
by PCBs; this relationship was not observed with OCPs [PAPER VII]. Administration of a 
standardized ACTH dose is an alternative approach to measure the stress response that is 
specifically due to variation in adrenal cortex sensitivity to ACTH. Response to exogenous 
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ACTH may also provide a more accurate measurement of maximum glucocorticoid 
production than response to restraint stress (Wada et al. 2007; Schmidt et al. 2012). 
Interestingly, in some birds, ACTH injection was not effective and CORT levels even 
decreased in birds least contaminated by PCBs [PAPER VII]. These results are surprising but 
could be the consequence of too short a time for ACTH action, in the present study. Indeed, 
the time necessary to elicit a maximal CORT release following ACTH injection was 45 
minutes (e.g., Schmidt et al. 2012) and my experimental kittiwakes were only exposed for 15 
minutes. If this hypothesis could be verified this would support the fact that adrenal activity of 
males most contaminated by PCBs is exacerbated.   
One possible explanation for the over-release of CORT in relation to PCBs could be related to 
an increase in the number of ACTH receptors (ACTH-R) on the adrenals. ACTH is one of the 
few polypeptide hormones having a positive trophic effect on its own receptors (Beuschlein et 
al. 2001; Penhoat et al. 1989). An increase in ACTH-R in birds most contaminated by PCBs 
may thus be the consequence of an excess of ACTH input to adrenals. This suggests that 
PCBs may alter the functioning of the pituitary by stimulating ACTH release and/or that 
PCBs may mimic ACTH and bind to ACTH-R, which in that case would mobilize more 
ACTH-R from the adrenals of the most contaminated individuals. However, this study being 
correlational, I cannot confirm without experimental evidence that the observed relationship is 
not the consequence of other intrinsic or extrinsic factors. Subsequently, beyond a PCB-
contamination threshold level, as suggested by the pattern observed in male glaucous gulls, 
stress-induced CORT levels decrease. In the present study, glaucous gulls’ baseline CORT 
concentrations were almost as high as stress-induced CORT concentrations. For example, in 
male glaucous gulls, baseline CORT averages 10.8ng/ml and stress-induced CORT 
16.5ng/ml. This decrease in stress-induced CORT may reflect a permanent saturation of 
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ACTH-R in individuals most contaminated by PCBs, as a result of a chronic rise in baseline 
CORT.  
As regards fitness, an enhanced stress response in adults favors survival at the expense of 
parental investment (Wingfield & Sapolsky 2003). In seabird species bearing low to moderate 
PCB contamination such as kittiwakes and wandering albatrosses the sum of POPs (PCBs and 
OCPs) affected long-term breeding success (Goutte et al. 2014c; Goutte et al. unpublished 
data on Svalbard kittiwakes). In addition to this, I observed a delayed hatching date in the 
most contaminated (PCBs and OCPs) male kittiwakes [PAPER VII]. The same pattern was 
found in female south polar skuas Catharacta maccormicki (Bustnes et al. 2007). A longer 
incubation period could be the result of a non-optimal egg temperature (Hepp et al. 2006; 
Verboven et al. 2009), thus an impaired incubating behavior. An experimental study 
conducted on American kestrels, Falco sparverius, reported that PCB administration resulted 
in longer incubation periods and altered incubation behaviors in males especially (Fisher et al. 
2006). In the study conducted by Fisher et al. (2006), an asynchrony was observed between 
incubation bouts completed by females and males; the eggs were left unattended for a longer 
period and eggs given inadequate heating may have taken longer to hatch (Fisher et al. 2006). 
In free-ranging species, such as glaucous gulls, the proportion of time away from the nest site 
and the number of these absences were positively related to blood PCBs (Bustnes et al. 2001). 
Also, still in glaucous gulls, the most contaminated individuals were less able to maintain an 
optimal nest temperature (Verboven et al. 2009). Consequently, the relationship observed in 
male kittiwakes could result from longer or more frequent recesses during the incubation 
period as a consequence of a high PCB and OCP burden.  
When PCB contamination becomes too high, other fitness consequences may be observed. 
Indeed, a chronic rise in baseline CORT would result in an array of deleterious biological 
effects such as suppression of reproductive function and behavior, immune system 
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suppression, muscle wasting, growth suppression, and neuronal cell death (e.g., Sapolsky et 
al. 2000). Interestingly, negative effects of POPs (PCBs and OCPs) on survival have been 
described in glaucous gulls (Sagerup et al. 2009; Verreault et al. 2010; Erikstad et al. 2013) 
but not in south polar skuas (Goutte et al. unpublished data) or in moderately or lowly 
polluted seabirds such as wandering albatrosses and kittiwakes (Goutte et al. 2014c; Goutte et 
al. unpublished data). 
Overall, the total data obtained seem to suggest that, firstly, PCBs interact with ACTH-R, 
increasing their numbers on the adrenals, which would result in an increased stress response. 
If PCB contamination becomes higher, this could be measured by an increase in baseline 
CORT, as a result of detoxification processes. At these points, negative impacts of PCBs on 
breeding success and breeding probability can be observed in seabird species. Yet, beyond a 
PCB-contamination threshold level, the detoxification process may result in a chronic rise in 
baseline CORT and, as is the case with glaucous gulls, seabirds become unable to raise CORT 
levels when subjected to an additional stress. At this point the effects of PCBs, added to other 
contaminants such as OCPs, on survival can be observed. 
3.3. Consequences and specific action of contaminants 
 
In the present study, I never observed POPs and Hg affecting the same hormones. This 
suggests that POPs and Hg may not target the same endocrine functions and thus biological 
pathways: Hg would rather interact indirectly with pituitary hormones via DA and estrogen 
disruption while PCBs would rather affect HPA axis hormones. OCP action is not as clear. 
PCBs’ and OCPs’ structure is very close, yet their actions are not always similar. In 
kittiwakes, PCBs were only related to CORT and OCPs were related to the egg-laying date. 
However, for some fitness-related traits, PCBs and OCPs had a similar action as they 
increased with decreasing body condition. They delayed egg hatching in male kittiwakes and, 
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in snow petrels, they led to increased stress-induced 
CORT. Moreover, in other bird studies, relationships 
were found between Hg and CORT (Franceschini et al. 
2009; Herring et al. 2012; Wada et al. 2009): in female 
cape petrels, baseline CORT significantly decreased 
with increasing Hg, and a positive trend was found 
between stress-induced CORT and Hg (Figure 19). 
Furthermore, a study also reported significant 
relationships between PRL and POPs: in glaucous 
gulls, baseline PRL levels and the rate of decrease in 
PRL levels tended to vary negatively with several 
organohalogen contaminants in males only (Verreault 
et al. 2008). Parental investment strategies are considered to represent a trade-off between the 
benefits of investment in current offspring and costs related to future reproduction. Due to 
their high reproductive value, long-lived organisms are predicted to be more reluctant to 
increase their parental effort. The various Hg- and PCB-related actions that occur during the 
parental phase combine to shift the available energy away from parental investment. Indeed, 
Hg decreases PRL and PCBs increase CORT. Consequently, Hg contamination reduces nest 
attendance and breeding success. However, Hg/breeding-success relationships appear to be 
complex in birds since administration of a low Hg dose could even enhance breeding in 
mallards Anas platyrhynchos (Heinz et al. 2010). Many contaminants have a non-linear dose-
response relationship (Calabrese 2010; Heinz et al. 2012) and several studies have pictured an 
inverted U-shaped effect associating contaminants with hormones (e.g., Love et al. 2003), 
where a low dose of contaminants may enhance a biological function while high doses may 
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inhibit it. All of these mechanisms combined once again highlight the complexity of 
contaminant-hormones-fitness relationships. 
In this PhD project, each contaminant was analyzed separately. Yet, in reality, each 
contaminant acts in synergy with a considerable amount of other contaminants, and most 
probably for a large proportion of them we are not yet aware of their presence in polar 
species. “Cocktail effects” are referred to when the additive action of several contaminants 
may result in health hazards, which was not observed by analyzing individual chemicals (e.g., 
Kortenkamp 2007; Celander 2011). In the wild, it is difficult to assess the cocktail effect of 
contaminants. Indeed, studying this effect involves the experimental administration of 
contaminants, which may not be feasible with protected free-living models, for obvious 
ethical reasons.  
Contaminants show different temporal trends according to the hemisphere or the species. For 
example, Hg increases in some seabird species (Braune 2007; Mallory & Braune, 2012) but 
declines in others (Scheifler et al. 2009). With regard to POPs, in the Arctic the levels of 
several legacy POPs are now decreasing, however several emerging POPs show important 
increasing trends in wildlife (Braune 2007; Helgason et al. 2011) yet ecotoxicological data on 
these compounds are lacking (Petrovic et al. 2004). Some PFAS, for example, tend to increase 
over time in several Arctic mammal and seabird species (Butt et al. 2007, 2010; Helgason et 
al. 2011). With regard to the potential endocrine disrupting properties of PFAS, laboratory 
studies have shown that some PFAS have estrogenic, androgenic and thyroid-like activity 
(Liu et al. 2007; la Farré et al. 2008; Jensen & Leffers 2008; Benninghoff et al. 2011), 
however their impact on wildlife is virtually unknown. During this PhD project, I had the 
opportunity to analyze the relationships between PFAS and CORT in chick-rearing 
kittiwakes’ plasma [PAPER VIII]. Interestingly, I found the reverse pattern of those found 
between baseline CORT and legacy POPs [PAPER VIII]: baseline CORT decreased with 
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increasing long-chain perfluorinated carboxylates (PFCAs), the most prevalent PFAS in 
Arctic species (Butt et al. 2007). This preliminary study was the first, to my knowledge, to 
report a relationship between long-chain PFCAs and CORT in a free-ranging species.  
Another interesting result is that POPs and Hg were never related in kittiwakes or snow 
petrels (neither in gender nor breeding stage). This suggests a different source of 
contamination via food. The negative trend observed in Hg concentration in blood across the 
kittiwakes’ breeding cycle (Figure 14) suggests that kittiwakes shift to prey feeding at a 
lower trophic position than that of the prey they feed on at the pre-laying period. Indeed, a 
shift in foraging area was observed between the pre-laying and the incubation period (Goutte 
et al. 2014a). During the pre-laying period, when the energetic needs are high, consumption of 
bigger preys, such as fish (higher in the food web), might be essential to ensure mating, nest 
defense and egg laying, which would thus result in higher Hg contamination. Also, prey 
composition changes throughout the summer in the Kongsfjord area (Walkusz et al 2009), and 
kittiwakes switch to a diet mainly containing gastropods (Mehlum & Gabrielsen 1993). This 
diet mainly composed of low trophic position prey could explain declining Hg concentrations 
across the breeding season. Hg concentration reaches the lowest levels during chick rearing, 
which could reflect the fact that kittiwakes feed their chicks with fish they catch while they 
feed themselves with gastropods. Concurrently, blood POPs seem to increase throughout the 
parental phase (Figure 15). This increase in POPs probably results from a decrease in fatty 
tissues and hence the release of POPs into blood, as already reported in common eiders and 
kittiwakes (Bustnes et al. 2012; Nordstad et al. 2012). Given that contaminant concentrations 
in blood can significantly vary during the breeding season, they may not provide the same 
data (e.g., relationships with hormones or fitness) depending on the breeding stage at which 
they were collected. Indeed, blood measurements performed at the beginning of the breeding 
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season may be less reliable to predict reproductive traits occurring at the end of the season 
such as breeding success (Lanctot et al. 2003).  
3.4. Conclusions and perspectives 
 
This thesis aimed to identify the specific relationships between legacy POPs, Hg and three 
hormones involved in reproductive decisions, in free-ranging polar seabirds. I was able to 
highlight significant relationships and specific actions of contaminants on these hormones 
(Figure 20).  
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This work also emphasizes the complexity of studying contaminant-hormone relationships 
within an uncontrolled environment but provides interesting findings regarding the possible 
impact of contaminants on fitness, as well as an understanding of the hazardous effects of 
contaminants on wildlife. I point out the fact that contaminants act at low concentrations; 
kittiwakes and snow petrels are indeed poorly to moderately contaminated (Figures 21, 22).  
 
Yet, even at those concentration levels relationships with altered hormones and impacted 
fitness are visible; moreover, the relationships between Hg and PRL have been reported to be 
exacerbated when individuals were subjected to additional stress [PAPER V]. Therefore, 
when considering the ongoing disturbances that affect polar regions such as climate 
change and anthropogenic disturbances (Clarke & Harris 2003; Smetacek & Nicol 2005; 
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Moline et al. 2008) added to the presence of EDCs that interact with hormones involved 
in breeding decisions, the maintenance of polar seabird populations may be jeopardized.  
 
Several questions arose from the present project. For example, I have not tested the 
relationships between legacy POPs and LH or GnRH whereas it has been reported that 
PCB126 could decrease hypothalamic GnRH (Ottinger et al. 2009) nor between contaminants 
and FSH, which is another hormone highly involved in the onset of breeding. Moreover, I 
only focused on one heavy metal - Hg - whereas several other heavy metals are of concern. 
For example, there is a lack of ecotoxicological data concerning cadmium exposure in 
wildlife (Burger 2008). Cadmium is a non-essential heavy metal that comes from natural and 
anthropogenic sources; it is known to be extremely toxic and ubiquitous in the environment 
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(Larison, et al. 2000). Also, cadmium can mimic estradiol (E2) by activating E2 receptors, 
and stimulate PRL secretion from anterior pituitary cells in female rats (Ronchetti et al. 2013). 
Among the Barents Sea seabird community, kittiwakes from Ny-Ålesund (i.e., the kittiwake 
colony used as a study model in the present thesis) bear the near highest concentrations of 
liver cadmium (Savinov et al 2003). It would thus be worth investigating the relationships 
between cadmium, hormones and fitness in kittiwakes. 
Another interesting issue lacking information concerns the effects of Hg on sex ratio in birds 
especially. Indeed, female birds can excrete Hg into their eggs (Evers et al. 2003) and, in 
birds, sex differentiation is associated to E2 secretion (Adkins 1975; Balthazart & Ball 1995). 
Hg is able to bind and activate E2 receptors (Zhang et al. 2007), therefore this could result in 
a female-biased population in birds highly contaminated by Hg. To date, only one study was 
aimed at studying the relationships between Hg and sex ratio in complete broods of three 
species: the aquatic-feeding belted kingfisher Megaceryle alcyon, the terrestrial-feeding 
eastern bluebird Sialia sialis, and the tree swallow Tachycineta bicolor, which feeds from 
both aquatic and terrestrial sources (Bouland et al. 2012). Nestling sex ratios were shifted 
toward the production of females in all three species on Hg-contaminated sites when 
compared to uncontaminated reference sites (Bouland et al. 2012). Further research is thus 
required in bird populations highly contaminated by Hg. Indeed, the female-biased sex ratio 
induced by Hg might jeopardize the maintenance of Hg-exposed populations. 
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Abstract 
In extreme environments, such as Polar Regions, nest desertion is a common behavioral 
response of seabirds. The decision to abandon current reproduction during unfavorable 
conditions is thought to be selected in order to favor the long-term survival of these long-lived 
organisms, and is governed by two key hormones: prolactin (PRL, a hormone involved in 
parental care) and corticosterone (CORT, a stress hormone).  Any disruption of these 
endocrine mechanisms may therefore alter the ability of an individual to adjust reproductive 
decisions to environmental conditions. Additionally to ongoing environmental changes, polar 
seabirds are exposed to increasing concentration of some contaminants such as mercury (Hg), 
a well-known endocrine disruptor. However, there is to date no available study investigating 
Hg- PRL relationships in free-living animals.  The first aim of this study was therefore to 
investigate the relationships between plasma PRL and blood Hg concentrations and their 
consequences for reproductive performances in Svalbard black-legged kittiwakes Rissa 
tridactyla. We reported negative relationships between plasma baseline (males only), stress-
induced PRL (both sexes) and blood Hg levels during incubation and chick-rearing period; Hg 
concentrations were negatively related to breeding success in chick-rearing males. Then we 
tested the hypothesis that stressors and hence associated CORT release could reinforce the 
negative relationship between PRL and Hg. To do so, we implanted incubating males bearing 
various levels of Hg with subcutaneous CORT pellets, and predicted that the negative 
relationships between Hg and PRL should be more pronounced in the CORT-implanted 
group, compared to the placebo one.  Additionally, the most Hg contaminated individuals of 
the CORT-implanted group should suffer the highest breeding failure. According to our 
prediction, the experimental CORT increase appeared to reinforce the Hg-related decrease in 
stress-induced PRL concentration over an 11 days period. However, the experimental CORT 
increase did not reinforce Hg-related breeding failure, yet hatching success was significantly 
lower in CORT implanted males. Our results strongly suggest that Hg shall impair incubating 
behavior and hence reproductive performances trough a disruption of PRL secretion.  The 
possible long-term consequences of the interactions between Hg and environmental stressors 
are discussed in the light of the unprecedented challenges currently affecting Arctic seabirds.  
Key-words:  Prolactin, parental care, stress, Mercury, breeding success, Arctic, Black-legged 
kittiwake 
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Introduction 
Polar breeding seabird species are exposed 
to extreme variation in abiotic parameters 
such as temperature, wind, precipitation, 
and snow cover (Martin and Wiebe, 2004). 
In such environments, phenotypes with the 
greatest capacity to buffer harsh conditions 
and maintain a constant reproductive 
output will have superior mean fitness 
(Boyce, 1979). The modulation of parental 
care is a common behavioral response of 
polar seabirds in order to maximize their 
fitness (Chastel et al. 1993; Kitaysky et al. 
2001, Groscolas et al., 2008). At the 
ultimate level, the decision to abandon 
current reproduction during unfavorable 
conditions should be selected in order to 
favor the long-term survival of these long-
lived organisms (Williams 1966; Houston 
et al. 2005). At the physiological level, the 
modulation of avian parental care is 
governed by prolactin (PRL), a pituitary 
hormone which facilitates egg incubation, 
brood-guarding and provisioning (Buntin 
1996). Studies on polar seabirds have 
shown that environmental stressors or 
prolonged energy constraints can affect the 
secretion of this hormone (Chastel et al., 
2005; Cockrem et al. 2006; Angelier et al., 
2007; Groscolas et al., 2008; Angelier and 
Chastel 2009). More precisely, the release 
of glucocorticoid hormones 
(corticosterone: CORT in birds) during 
stressful events (Wingfield and Sapolsky, 
2003) has been experimentally shown to be 
associated with a reduction in plasma PRL 
concentrations (Criscuolo et al. 2005; 
Angelier et al. 2009; Spée et al. 2011) . 
Thus, PRL and CORT play a key role in 
mediating parental investment in birds 
(Angelier and Chastel 2009) and any 
disruption of these endocrine mechanisms 
may alter the ability of an individual to 
adjust reproductive decisions to 
environmental conditions (Jenssen 2006; 
Tartu et al. 2013). 
An additional challenge to polar breeding 
seabirds is the growing exposure to 
environmental contaminants such as 
mercury (Hg, Bargagli et al. 1998; Ariya et 
al. 2004). In its methylated form (MeHg) 
Hg is very stable and can also 
bioaccumulate and biomagnify in the food 
web (Atwell et al. 1998; Bargagli et al. 
1998; Mallory & Braune, 2012). MeHg is 
highly toxic as it passes the blood-brain 
barrier owing to its lipid solubility (Zahir 
et al. 2005), and the Arctic more 
particularly is considered as a sink for Hg 
deposition (Ariya et al. 2004). Marine apex 
predators, such as seabirds, are particularly 
exposed (reviewed in Dietz et al. 2013) 
and several studies have reported breeding 
impairments in highly Hg contaminated 
species (Wolfe et al. 1998; Evers et al. 
2008; Tartu et al. 2013; Goutte et al. 2013, 
2014; Dietz et al. 2013). Such breeding 
impairments could originate from the 
ability of Hg to alter the functioning of 
endocrine axes (Tan et al. 2009; Tartu et 
al. 2013, 2014).  
However, there is to our knowledge no 
available study investigating Hg- PRL 
relationships in free-living animals. 
Indeed, studies focusing on the 
relationships between contaminants and 
PRL are  scare and only one study 
(Verreault et al. 2008) has reported a 
negative relationship between PRL 
secretion and blood persistent organic 
pollutant levels in an Arctic seabird, the 
Glaucous Gull (Larus hyperboreus). Some 
human studies have focused on Hg 
neurotoxicity, and have explored the 
relationships between Hg and PRL as a 
proxy of neuroendocrine functions 
(Barregård et al. 1994 Lucchini et al. 2002; 
Carta et al. 2003). These latter studies have 
reported increased, decreased or 
unchanged serum PRL with increased 
organic Hg (Barregård et al. 1994 Lucchini 
et al. 2002; Carta et al. 2003). Regarding 
birds, Hg-PRL relationships deserve 
investigation because this heavy metal 
seems to be associated with the quality of 
parental cares (Nocera and Taylor, 1998) 
and to be tightly linked to the secretion of 
another pituitary hormone (luteinizing 
hormone, Tartu et al. 2013, 2014). PRL 
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may therefore be a target for Hg which 
may impair its secretion.  
In this study we investigated the 
relationships between Hg and PRL as a 
proxy of parental care, in breeding black-
legged kittiwakes Rissa tridactyla 
(hereafter ‘kittiwakes’ a seabird which in 
Svalbard bears significant levels of Hg in 
blood (Tartu et al. 2013). The first aim of 
the present study was, using correlative 
data to investigate the relationships 
between baseline and stress-induced PRL 
concentrations, Hg concentrations in blood 
and reproductive performances. We 
predicted that plasma PRL concentrations 
would decrease with increasing Hg 
concentration in blood and the kittiwakes 
most contaminated with Hg would 
experience poor reproductive 
performances. The second aim of this 
study was to test, the hypothesis that 
CORT could reinforce the possible 
negative relationship between PRL and Hg 
levels. As mentioned above, the Arctic is 
currently facing multiple environmental 
challenges such as increasing disturbance 
and rapid climate and habitat changes, it is 
thus possible that these environmental 
stressors could make organisms more 
sensitive to contaminants, such as Hg 
(Jenssen 2006; Hooper et al. 2013).To do 
so, we experimentally increased plasma 
CORT levels through the implantation of 
exogenous CORT which is known to 
decrease PRL levels in kittiwakes 
(Angelier et al. 2009). We therefore 
predicted that the negative relationships 
between Hg and PRL should be more 
pronounced in the CORT-implanted group, 
compared to the placebo group. 
Additionally, the most Hg-contaminated 
male kittiwakes from the CORT-implanted 
group should suffer the highest breeding 
failure. 
Material and method 
Ethic statement and study area  
The sampling of birds was approved by the 
Governor of Svalbard, and national 
guidelines for ethical treatment of 
experimental animals were followed 
(NARA, FOTS id 5264). The study was 
conducted at Kongsfjorden, Svalbard 
(78°54′N, 12°13′E) during two breeding 
seasons: in 2012 from June 19
th
 to 4
th
 July 
during the incubation period and from July 
10
th
 to 27
th
 during the chick-rearing period; 
in 2013 birds were caught during the late 
incubation to early chick-rearing from June 
27
th
 to July 11
th
. In 2012 male and female 
kittiwakes were sampled whereas in 2013 
only males were caught.  
Blood sampling and CORT implant 
In 2012, 111 incubating (56 females and 
55 males) and 41 chick-rearing (19 females 
and 22 males) were caught on their nest 
with a noose at the end of a 5 m fishing 
rod. A first blood sample (ca. 0.2 mL) was 
collected immediately after capture, from 
the alar vein with a 1 mL heparinised 
syringe and a 25-gauge needle to assess 
‘baseline PRL’ and Hg concentrations. 
Bleeding time (i.e. time elapsed from 
capture to the end of the first blood 
sample: 2min 28 ± 12 (SD) seconds, on 
average). Incubating birds were then 
placed into a cloth bag and a second blood 
samples (ca. 0.2 mL) was collected from 
the alar vein at 30 minutes (30min 08 ± 
1min 15) to assess ‘stress-induced PRL’ 
concentrations (Chastel et al. 2005). Chick-
rearing birds were not subjected to the 
stress protocol, in order not to leave theirs 
chicks unattended for a long period; 
therefore only baseline PRL levels were 
available.  
In 2013, we focused the experimental 
study on males only since they bear higher 
Hg levels than females (Tartu et al. 2013). 
Forty-three incubating males were caught 
and subjected to a similar capture-restraint 
stress protocol to determine baseline, 
stress-induced PRL and Hg concentrations.  
Immediately after the first blood sample 
male kittiwakes were implanted 
subcutaneously either with a CORT 
(25mg/pellet 15 days release, G111, N=22) 
or a placebo (25mg/pellet 15 days release, 
C111, N=21) pellet. Pellets were obtained 
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from Innovative research of America 
(Sarasota) and surgical equipment was 
sterilized with 90% alcohol. A small 
incision (~5mm) was done on the nape 
with a sterilized surgical scalpel and the 
pellet was inserted with a sterilized bent 
clip. The incision was then sutured with 
surgical glue (3M Vetbond) and 
disinfected with aluminum spray 
(Vetoquinol Aluspray). The operation 
lasted for roughly 10 min and the 
implantation day was denoted as “day 0”. 
To validate the CORT treatment, 4 CORT 
and 4 placebo birds (different kittiwakes 
each time) were recaptured at day 1, 2, 3, 7 
and were subjected to a ‘baseline’ blood 
sampling. At day 11 we were able to 
recapture 16 CORT birds and 20 placebo 
birds, all recaptured kittiwakes were 
sampled for baseline and stress-induced 
PRL concentrations.  Birds that received a 
CORT pellet will be referred to as the 
‘CORT’ group, while the birds that 
received a placebo pellet will be referred as 
the ‘Placebo’ group.  
 
Figure 1: Effect of CORT and placebo pellets on baseline (A-C) and stress-induced (B-D) CORT and 
PRL concentrations, respectively, in 2013’s incubating males. Open circles denote Placebo implanted 
male kittiwakes and closed circles denote CORT implanted male kittiwakes. Values are mean ± error 
standard. 
Validation of the implants 
Generalized linear mixed models 
(GLMM), with individual identity as a 
random factor, were used to validate the 
effects of the treatment (CORT and 
Placebo pellets) on CORT and PRL 
secretion. In the ‘CORT’ group, baseline 
CORT concentration were significantly 
related to the treatment day (GLMM, 
F5,30=45.2, P<0.001, Fig. 1A). Specifically, 
baseline CORT significantly peaked within 
1 day (Tukey HSD, difference=1.9, CI 
95% [0.9, 2.9], P<0.001). Plasma CORT 
levels reached at this time were similar 
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levels measured in previous experimental 
CORT manipulation of kittiwakes 
(Angelier et al. 2007, 2009) and to un-
manipulated CORT levels observed in 
breeding kittiwakes when food shortages 
and stressful events occur (Kitaysky et al., 
1999, 2001; Buck et al., 2007). At day 2 
and day 3 baseline CORT started 
decreasing but remained significantly 
higher compared to original concentrations 
(Tukey HSD, P<0.021 for all tests) until 
reaching original concentrations at day 7 
(Tukey HSD, difference=0.4, CI 95% [-
0.6, 1.4], P=0.879). At day 11, baseline 
CORT levels were not different from those 
measured at day 0 (GLMM, F1,16=2.1, 
P=0.165). Stress-induced CORT 
significantly decreased over 11 days 
(GLMM, F1,15=214.4, P<0.001, Fig. 1B). 
In the ‘Placebo’ group baseline and stress-
induced CORT remained unchanged over 
11 days (GLMM, F<0.9, P>0.410, Fig. 
1A-B). 
With regards to PRL levels, in the ‘CORT’ 
group, both baseline and stress-induced 
PRL concentrations decreased from day 0 
to day 11 (GLMM, F>25.6, P<0.001, Fig. 
1C-D). In the ‘Placebo’ group over 11 
days, baseline PRL remained unchanged 
(GLMM, F1,19=0.9, P=0.419, Fig. 1C) and 
stress-induced PRL concentrations 
significantly increased (GLMM, 
F1,19=43.4, P<0.001, Fig. 1D). The kinetics 
of CORT and PRL following experimental 
increase of CORT levels were very similar 
to the ones observed previously in the 
same species (Angelier et al. 2007, 2009). 
Hatching success and breeding success 
Kittiwakes were individually marked with 
metal rings and PVC plastic bands 
engraved with a three-digit code and fixed 
to the bird's tarsus for identification from a 
distance. Kittiwakes were marked with 
spots of dye on the forehead to distinguish 
them from their partner during subsequent 
observation and then released. Using a 
mirror at the end of an 8 m fishing rod, we 
checked the whole plot (ca. 117 nests) 
every two days to monitor the number of 
eggs that hatched (thereafter ‘hatching 
success’) and the number of chicks that 
reached at least 12 days old (thereafter 
‘breeding success’).  
Molecular sexing and hormone assay 
Blood samples were centrifuged, and 
plasma was decanted and stored at −20°C 
until assayed. After centrifugation, red 
cells were kept frozen as well for 
molecular sexing. The sex was determined 
by polymerase chain reaction amplification 
of part of two highly conserved genes 
(CHD) present on the sex chromosomes at 
UMR 7372, as detailed in Weimerskirch et 
al. (2005). Plasma concentrations of 
baseline and stress-induced CORT and 
PRL were measured by radioimmunoassay 
at UMR 7372, as previously validated in 
kittiwakes (Chastel et al. 2005). Plasma 
concentrations of PRL were determined 
with the remaining plasma by a 
heterologous radioimmunoassay at UMR 
7372, as previously validated for 
kittiwakes from this area (Chastel et al. 
2005). All samples were run in one assay 
for both hormones. To measure intra-assay 
variation, we included 4 different referents 
10 times in the CORT and PRL assays. 
From this, the intra-assay variation was 
6.7% for total CORT and 7.8% for PRL. 
CORT and PRL concentrations were 
measured in day 0, 1, 2, 3, 7 and 11 
samples.  
Hg determination in blood cells 
Total Hg was measured as described by 
Bustamante et al. (2006) from freeze-dried 
and powdered red blood cells (hereafter 
called ‘blood’) in an Advanced Hg 
Analyzer spectrophotometer (Altec AMA 
254). At least two aliquots ranging from 5 
to 10 mg were analyzed for each individual 
and quality assessment was measured by 
repeated analyses of certified reference 
material TORT-2 (lobster hepatopancreas, 
NRCC; certified value 0.27±0.06 µg/g). Hg 
concentrations are expressed in µg/g
 
dry 
weight (dw).  
Statistical analyses 
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All analyses were performed using R 
2.13.1 (http://r-project.org/). First, 
correlations between PRL and Hg were 
tested by using generalized linear model 
(GLM) with normal errors and an identity 
link function. Second, we analyzed if 
hatching and breeding success were related 
to Hg concentration by using GLMs with 
normal/binomial errors and an 
identity/logit link function. Third, with 
regards to the experimental increase of 
CORT, we tested, in a global model the 
effects of Hg at day 0, treatment (CORT or 
placebo pellet) and their interaction on 
baseline and stress-induced PRL decrease 
from day 0 to day 11 ([PRL]day0-
[PRL]day11). Then, we focused on the 
CORT implanted birds and tested whether 
baseline and stress-induced PRL decrease 
were related to Hg at day 0, and if hatching 
success, breeding success and nest 
abandon would be increased in the most 
contaminated birds. To do so, we used 
GLMs with normal/binomial errors and an 
identity/logit link function. Dependent 
continuous variables were previously 
tested for normality with a Shapiro–Wilk 
test and were log-transformed when 
necessary. Selected models were then 
checked for assumptions, that is, constancy 
of variance and residual normality.  
Results 
1. Relationships between Hg, PRL 
and parenting in 2012 
Baseline PRL was negatively associated to 
Hg in male kittiwakes regardless the 
breeding stage (incubation: GLM, 
F1,50=4.5, P=0.039, Fig. 2A; chick-rearing: 
F1,18=10.7, P=0.004, Fig. 3) whereas 
baseline PRL was unrelated to Hg in 
females (GLM, F<16, P>0.230 for all tests, 
Fig. 2A, Fig. 3). Stress-induced PRL was 
negatively associated to Hg in incubating 
male and female kittiwakes (GLM, males: 
F1,52=5.3, P=0.026; females: F1,50=7.0, 
P=0.011, Fig. 1B). Blood Hg 
concentrations during the incubation 
period were unrelated to hatching success 
in both genders (GLM, F1,43<0.1, 
 Figure 2: Relationships between baseline (A), 
stress-induced (B) PRL and blood Hg in 
2012’s incubating kittiwakes. Closed triangles 
denote females and open circles denote males; 
solid lines refer to statistically significant 
linear regression. 
 
Figure 3: Relationships between baseline PRL 
and blood Hg in 2012’s chick-rearing 
kittiwakes. Closed triangles denote females 
and open circles denote males; solid line refers 
to statistically significant linear regression for 
males. 
P>0.718). However, blood Hg 
concentration during the chick-rearing 
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period was higher in males that would 
successfully raise 1 chick instead of two 
over a 2 eggs clutch (GLM, χ²=6.3, 
P=0.012, Fig. 4), this relationship was not 
observed in chick-rearing females (GLM, 
χ²=0.1, P=0.822, Fig. 4). 
 
Figure 4: In 2012, blood Hg in female chick-
rearing kittiwakes was not related to breeding 
success (i.e. the number of chicks successfully 
raised, left panel). However, male chick 
rearing kittiwakes with higher blood Hg 
concentrations were more likely to raise 1 
chick instead of two (right panel). Closed 
triangles denote females and open circles 
males. Values are mean ± error standard, * 
denotes significant differences. 
2. Effects of an experimental increase 
in CORT levels on Hg/PRL 
relationships  
At day 0 PRL and Hg concentration were 
unrelated to Hg (GLM, F<0.2, P>0.676). 
The baseline PRL decrease from day 0 to 
day 11([blPRL]day0-[blPRL]day11), was 
significantly related to the treatment 
(CORT vs placebo; GLM, F1,32=49.4, 
P<0.001), but not to Hg at day 0 (F1,32<0.1, 
P=0.830) nor to the interaction of Hg at 
day 0 × treatment (F1,32<0.1, P=0.988). 
Whereas stress-induced PRL decrease 
from day 0 to day 11([siPRL]day0-
[siPRL]day11) was related to the treatment 
(GLM, F1,32=52.7, P<0.001) and also to Hg 
at day 0 (F1,32=5.3, P=0.027): in males 
from the CORT group, the decrease of 
stress-induced PRL was more pronounced 
in the most Hg contaminated  individuals 
(GLM, F1,14=7.5, P=0.016, Fig. 5).  
However no significant relationship was 
found with regards to the interaction of Hg 
at day 0  × treatment (F1,32=2.8, P=0.102). 
In the Placebo group, baseline and stress-
induced PRL changes were not related to 
Hg at day 0 (GLM, F<0.9, P>0.360 for all 
tests; Fig. 5). At day 11 in ‘Placebo’ birds 
baseline PRL significantly decreased with 
increasing Hg (GLM, F1,18=4.5, P=0.047, 
Fig. 6A), regarding stress-induced PRL a 
negative trend was observed (GLM, 
F1,18=3.5, P=0.077, Fig. 6B). However in 
the ‘CORT’ birds, PRL and Hg were 
unrelated (GLM, F<1.6, P>0.232, Fig. 6A-
B). 
 
Figure 5: Stress-induced PRL decrease over 
11 days in ‘CORT’ or Placebo implanted male 
kittiwakes in relation to initial blood Hg 
concentrations (day 0) in 2013’s incubating 
males. Open circles denote Placebo implanted 
male kittiwakes and closed circles denote 
CORT implanted birds. Solid line refers to 
statistically significant linear regression for 
‘CORT’ implanted male kittiwakes. 
3. Effects of the treatment and Hg 
contamination on reproductive 
performances 
Hatching success was significantly higher 
in the ‘Placebo’ birds than in ‘CORT’ birds 
(GLM, F1,36=5.4, P=0.026) but this 
relationship was independent of Hg at day 
0, or interaction between Hg and treatment 
(F<0.5, P>474 for all tests). Moreover, 
stress-induced, but not baseline, PRL 
concentrations at day 0 were positively 
related to hatching success (GLM, stress-
induced PRL: F1,36=7.7, P=0.009; baseline 
PRL: F1,35=0.6, P=0.453). In all 
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experimental birds or in the ‘CORT’ 
implanted birds, breeding success was not 
associated to Hg at day 0 (GLM, F<2.1, 
P>0.155). 
 
 
Figure 6: Relationships between baseline (A), stress-induced (B) PRL concentrations and blood Hg 
concentration in 2013’s incubating male kittiwakes. Open circles denote ‘Placebo’ males and filled 
circles ‘CORT’ males; solid line refers to statistically significant linear regression and dashed line to 
linear regression close to statistical significance. 
Discussion 
The aim of the present study was to 
investigate the relationships between blood 
Hg and PRL in breeding kittiwakes. In line 
with our predictions, we reported a 
negative relationship between plasma 
baseline (males only) or stress-induced 
PRL (both sexes) and blood Hg levels 
during incubation and chick-rearing 
period; and Hg concentrations were 
negatively related to breeding success in 
chick-rearing males. Regarding the 
experimental manipulation of CORT levels 
via subcutaneous CORT pellets, according 
to our prediction, the experimental CORT 
increase appeared to reinforce the Hg-
related decrease in stress-induced PRL 
concentration over an 11 days period. 
However, the experimental CORT increase 
did not reinforce Hg-related breeding 
failure, yet hatching success was 
significantly lower in the CORT implanted 
male kittiwakes, which was also 
importantly related to initial concentrations 
of stress-induced PRL (stress-induced PRL 
at day 0).  
Relationship between PRL and Hg 
To date no studies describing relationships 
between PRL and Hg have been conducted 
on free-living vertebrates. As previously 
mentioned, the only few human studies 
describing such relationships were aimed 
at studying neurotoxicity of Hg and 
baseline PRL was used to ascertain 
possible interference of Hg with 
neurotransmitters (Barregård et al 1994; 
Lucchini et al. 2002, 2003; Carta et al. 
2003). In an Antarctic seabird, the snow 
petrel Pagodroma nivea, as found in the 
present study, stress-induced PRL levels 
were negatively related to increasing blood 
Hg in males especially (Tartu et al. 
unpublished). These negative relationships 
observed in those two polar seabirds (i.e. 
kittiwakes and snow petrels) add new 
evidence that Hg seems to disrupt the 
secretion of pituitary hormones (Tartu et 
al. 2013, 2014). But what could be the 
possible mechanisms underlying these 
relationships? Dopamine (DA), a neuro-
transmitter and potent inhibitor of PRL, 
may play a significant role in this negative 
Hg-PRL relationship (Ben-Jonathan and 
Hnasko, 2001; Grattan & Kokay 2008). 
Indeed, it seems that organic and inorganic 
Hg can stimulate the spontaneous release 
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of dopamine in laboratory rodents (Faro et 
al. 1997, 2000, 2007; Minnema et al. 1989) 
but also in wild larvae of a fish (Fundulus 
heteroclitus, Zhou et al. 1999) and in wild 
American minks Mustela vison (Basu et al. 
2005). The negative relationship observed 
between PRL and Hg is thus more likely to 
be indirect and will rely on an effect of Hg 
on the dopaminergic system. These studies 
were correlational and would nevertheless 
greatly benefit from further experimental 
support. The reason for the relationships 
between Hg and PRL being more visible in 
males (baseline PRL concentrations were 
never related to Hg in females) could be 
related to gender effects of Hg on DA. This 
was described in mice where MeHg altered 
locomotor activity in males only 
(Giménez-Llort et al. 2001), and/or 
through protective effects of estradiol 
(which is higher in females) on Hg toxicity 
as reported in female mice (Oliveira et al. 
2006).  
Fitness consequences of decreased PRL 
concentrations 
In Svalbard kittiwakes, low PRL levels are 
associated to a reduced nest attendance, 
and a reduced breeding success (Angelier 
et al. 2009). Hg significantly decreases 
PRL concentrations, and in chick-rearing 
male kittiwakes elevated Hg 
concentrations were associated to lower 
breeding performances. Hg concentrations 
measured in incubating male snow petrels 
were higher in individuals that were more 
likely to leave their egg unattended (Tartu 
et al. unpublished). Similarly, poor 
parental behaviors have been reported in 
highly Hg-contaminated great northern 
divers (Gavia immer), (Nocera and Taylor 
1998). Hazardous effects of Hg in free-
ranging species, especially Hg hazards 
affecting breeding success, have been 
widely described in free-living populations 
and in laboratory experiments (see Tan et 
al. 2009 for a review). For example, free-
ranging Carolina wrens (Thryothorus 
ludovicianus) and tree swallows 
(Tachycineta bicolor) that reproduced in 
Hg-contaminated areas produced fewer 
fledglings (Brasso & Cristol 2008; Jackson 
et al. 2011). Moreover, MeHg 
experimental feeding to black ducks (Anas 
rubripes) induced lower clutch size, 
hatched eggs and duckling survival (Finley 
& Stendell 1978). Our results and these 
studies, all highlight the fact Hg shall 
impair incubating behavior and hence 
reproductive performances trough a 
disruption of PRL secretion. However, the 
mechanisms underlying these relationships 
often remained poorly understood. The 
possibility that Hg can disrupt PRL 
secretion could be a key element to 
understand the relationships between Hg 
and reproductive failure. And this study 
provides important support about the 
relationships between Hg, PRL and 
breeding success. 
What happens when stress comes into 
play? 
In extreme environments, such as Polar 
Regions, individuals often experience 
harsh and unpredictable environmental 
conditions, and individuals adopt different 
life-history strategies in order to cope with 
environmental stressors. Long-lived 
organisms such as seabirds may refrain 
from breeding or desert their brood when 
environmental conditions are too poor (e.g 
Angelier et al. 2007; Goutte et al. 2011). 
These behaviors (i.e. refrain from breeding 
or desert reproduction) are mediated by the 
release of CORT during stressful events 
that will shift energy investment away 
from reproduction and redirects it towards 
self-preservation and hence survival 
(Angelier and Wingfield, 2013; Ricklefs 
and Wikelski, 2002; Wingfield and 
Sapolsky, 2003). By mimicking a stressful 
event we tested whether the potential 
disruptive effect of Hg on PRL could be 
reinforced. As reported earlier in the same 
species (Angelier et al. 2009), 
administration of exogenous CORT 
resulted in a decrease in baseline and 
stress-induced PRL. According to our 
predictions, the decrease in stress-induced 
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PRL was stronger in male kittiwakes most 
contaminated by Hg. This may originate 
from an additive effect of CORT and Hg, 
both being related to decreasing PRL 
concentrations (Angelier and Chastel, 
2009). This result suggests that, for some 
contaminants (at least Hg), environmental 
stressors (such as food shortage, 
disturbances, habitat destruction and more 
generally ongoing climate change) may 
increase the hazardous biological effects of 
contaminants. Jenssen (2006) described the 
interaction between endocrine disruptors 
and climate change as a “worst case 
combination for Arctic marine species”. 
Although in the 2012 correlative data, high 
Hg concentrations in blood of chick-
rearing male kittiwakes were associated 
with poor reproductive performances, we 
could not observe an increased breeding 
failure in the most Hg contaminated males 
from the CORT group. Since Hg, but also 
PRL, varies across the breeding cycle 
(Tartu et al. unpublished data), these 
Hg/fitness relationships could importantly 
rely on other factors such environmental 
conditions or even the breeding stage when 
the PRL and Hg measurements were 
performed. Indeed, blood Hg 
concentrations were higher in incubating 
males in 2012 compared to those measured 
in incubating males in 2013. Also in 2012, 
clutch size and hatching success were 
lower than in 2013 (P<0.03 for all tests). 
Thus, the hazardous effects of Hg were 
more observable in 2012 when conditions 
were supposedly poorer.  
 
Conclusion 
In the present study we focused on the 
biological effects of PRL as inducing 
parental behavior, however a spectrum of 
biological functions is associated to PRL 
such as water and electrolyte balance, 
growth and development, endocrinology 
and metabolism, brain and behavior, 
reproduction, immunoregulation and 
protection (Bole-Feysot et al. 1998). Thus 
a decrease of PRL with increasing Hg may 
not only affect parenting but also a 
multitude of other biological aspects. Our 
experimental CORT manipulation suggests 
that, in case of stressful event, the likely 
disruption of PRL by Hg decline is 
exacerbated. Thus with increasing 
environmental stressors in polar regions, 
such as anthropogenic disturbance, 
ongoing climate change, the presence of a 
multitude of environmental contaminants 
(Clarke and Harris 2003; Moline et al. 
2008; Smetacek and Nicol 2005; 
Gabrielsen 2007) it may become difficult 
for polar species to maintain current 
population levels. 
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Abstract  
High levels of environmental contaminants such as polychlorinated biphenyl (PCBs), 
organochlorine pesticides (OCPs) and mercury (Hg) have been reported in some Arctic top 
predators such as seabirds. Chronic exposure to these contaminants might alter the response to 
environmental changes through interference with the regulation of corticosterone (CORT), a 
glucocorticoid stress hormone released by the hypothalamo-pituitary-adrenal (HPA) axis. 
Some relationships between CORT and environmental contaminants have been reported in 
some polar top predators. However no clear pattern appears and it is difficult to attribute these 
relationships to a dysfunction of the HPA axis or to other confounding effects. In order to 
explore the relationships between HPA axis activity and blood levels of PCBs, OCPs and Hg, 
we conducted an experimental study in an Arctic seabird, the black-legged kittiwakes Rissa 
tridactyla in Svalbard. Male kittiwakes were caught during the incubation period and were 
subjected to different stress series: 1) a capture-restraint stress protocol, 2) an injection of 
dexamethasone (DEX) that enabled to test the efficacy of the HPA negative feedback and 3) 
an injection of adrenocorticotropic hormone (ACTH) that informed on the adrenal 
responsiveness. The HPA axis activity was unrelated to OCPs and Hg. However, birds with 
high concentrations of ƩPCBs released more CORT after the ACTH injection. It is suggested 
that ƩPCBs may increase the number of ACTH-receptors on the adrenals. Also hatching date 
was delayed in males with higher concentrations of ƩPCBs and ƩOCPs. This study gives new 
evidence that PCBs and adrenal activity are tightly related. Thus high PCB burden may make 
individuals more prone to other stressors such as ongoing climate change. 
Key-words: corticosterone; ACTH; dexamethasone; adrenal gland; PCBs; reproduction  
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1. Introduction 
Species breeding in extreme environments, 
such as Polar Regions, are often subjected 
to a wide range of stressors (e.g. harsh 
weather, unpredictable food shortage, 
presence of predators) and an efficient 
response to these various stressors is vital 
to ensure self or brood survival (Wingfield 
et al. 2011; Wingfield 2013). At the 
endocrine level, an environmental 
perturbation will stimulate the 
hypothalamic–pituitary–adrenal (HPA) 
axis: specifically corticotropin-releasing 
hormone (CRH) will be released from the 
hypothalamus and will then stimulate the 
secretion of adrenocorticotropic hormone 
(ACTH) from the anterior pituitary, which 
in turn will activate the synthesis of 
glucocorticoid hormones (corticosterone, 
CORT for birds) from the adrenal cortex 
(Wingfield 2013). In birds, up to 90% of 
CORT released into the bloodstream will 
bind to corticosteroid-binding globulin 
(CBG) and will be transported to target 
cells. Concurrently, glucocorticoids will 
provide negative feedback signals for 
ACTH and CRH release (Wingfield 2013). 
This hormonal cascade will trigger an 
array of physiological and behavioral 
adjustments that shift energy investment 
away from reproduction and redirect it 
towards survival (Wingfield and Sapolsky, 
2003).  In birds, CORT has therefore a 
strong connection with fitness traits such 
as breeding success, individual quality and 
survival (Angelier et al. 2009a, 2010; 
Bonier et al. 2009; Bókony et al. 2009; 
Breuner et al. 2008; Goutte et al. 2010b, 
2011b; Lendvai et al. 2007; Kitaysky et al. 
1999; Schultner et al. 2014).  
Free-ranging polar seabirds often 
accumulate various environmental 
contaminants (e.g. Gabrielsen 2007; 
Verreault et al. 2010), such as persistent 
organic pollutant (POPs) which includes 
polychlorinated biphenyl (PCBs) and 
organochlorine pesticides (OCPs) but also 
heavy metals such as mercury (Hg). 
Several environmental contaminants are 
endocrine disruptors (Ottinger et al. 2013; 
Tyler et al. 1998). Indeed those substances 
are able to mimic, antagonize, alter or 
modify endogenous’ hormone functions 
(e.g. Amaral Mendes 2002). In free-living 
vertebrates, several studies have found 
significant relationships between 
contaminants and reproductive hormones 
such as steroids (Colborn et al 1993; Giesy 
et al. 2003; Vos et al. 2008) and more 
recently with hormones from the HPA axis 
(Verboven et al. 2010; Nordstad et al. 
2012; Tartu et al. 2014).  However the 
mechanisms through which contaminants 
may influence CORT regulation are poorly 
known, it is likely that such compounds 
disrupt one of the many steps of CORT 
regulation causing dysfunction of the HPA 
axis. For instance, energy costs related to 
e.g. detoxification of POPs (Parkinson and 
Ogilvie, 2008; Preston and Hoffman, 2008) 
might stimulate the CORT secretion by 
increasing the allostatic load (McEwen and 
Wingfield, 2003). Further, the adrenal 
gland is suspected to be vulnerable to 
hazardous effects of POPs due to its high 
lipid content and multiple sites for 
interference (Hinson and Raven, 2006; 
Odermatt and Gumy, 2008).   
When it comes to other 
environmental contaminants such as Hg, 
studies of seabirds’ eggs from the 
Canadian Arctic show an increasing trend 
of Hg levels in several species (Braune 
2007; Mallory and Braune, 2012). Hg is a 
well-known endocrine disruptor (reviewed 
in Tan et al. 2009). However some studies 
on water birds have reported unclear 
patterns (Wayland et al 2002, Herring et al. 
2012). Therefore, it is difficult to draw a 
general picture of contaminants-CORT 
relationships. Also, it is not clear which 
type of contaminants (Hg, PCBs or OCPs) 
is actually acting on the HPA axis.  
The aim of this study was to 
investigate the specific role of Hg, PCBs 
and OCPs on the functioning of the HPA 
axis of an Arctic seabird, the black-legged 
kittiwake (Rissa tridactyla, hereafter 
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‘kittiwake’). Svalbard kittiwakes bear 
significant amounts of blood Hg, PCBs and 
OCPs (Savinova et al. 1995; Nordstad et 
al., 2012, Tartu et al. 2013, 2014), and two 
recent studies have reported positive 
relationships between CORT 
concentrations and PCB burden (Nordstad 
et al., 2012, Tartu et al. 2014). For 
example, in the same breeding population 
where the present study was conducted, 
Tartu et al. (2014) found that kittiwakes 
with higher levels of PCBs had higher 
stress-induced CORT levels when 
subjected to a capture-handling protocol. 
However, it is still unknown whether this 
relationship is due to an increased 
adrenocortical responsiveness, a decreased 
negative feedback during acute stress, or 
both.  
We specifically tested whether 
different aspects of the HPA axis of 
incubating male kittiwakes are related to 
blood Hg, PCBs and OCPs concentrations.  
Males only were chosen since they are 
more contaminated than females (Nordstad 
et al. 2012; Tartu et al. 2013) thus 
hypothetically more susceptible to the 
hazardous effects of contaminants. To do 
so, we measured the CORT response to a 
restraint stress protocol (Wingfield 1994), 
birds were then injected with exogenous 
dexamethasone (DEX, a potent CORT 
agonist, Astheimer et al.1994) to test the 
efficiency of the negative feedback. The 
purpose of the DEX injection was also to 
induce inhibitory feedback of the HPA 
axis, thereby reducing confounding effects 
of endogenous ACTH release. Birds were 
then injected with exogenous ACTH, a 
protocol used in several bird species to test 
the adrenal responsiveness (Rich and 
Romero 2005; Angelier et al. 2009b; 
Dickens et al. 2009; Schmidt et al. 2012). 
Specifically, if the exacerbated CORT 
release is connected to a higher adrenal 
activity in the most contaminated 
individuals, we should observe a positive 
relationship between blood contaminant 
concentrations and plasma ACTH-induced 
CORT concentrations. Furthermore, 
contaminants may represent stressors 
(Bustnes et al., 2006), because they may 
increase the allostatic load and impact 
fitness. We therefore investigated the 
consequences of Hg, PCBs and OCPs 
exposure on reproductive outputs such as 
hatching date and hatching success. If Hg, 
PCBs or OCPs stimulate CORT secretion, 
and since reproductive phenology and 
success are influenced by CORT levels in 
kittiwakes (Goutte et al. 2011a), we predict 
that the most contaminated individuals 
would have a delayed hatching and a lower 
hatching success compared to less 
contaminated kittiwakes. 
2. Material and methods 
2.1. Ethic statement and study area  
The sampling of birds was approved by the 
Governor of Svalbard, and by the 
Norwegian Animal Research Authority 
(NARA, permit number 4214). The study 
was conducted at Kongsfjorden, Svalbard 
(78°54′N, 12°13′E) from June 19th to July 
4
th
 2012 during the incubating period for 
kittiwakes.  
2.2. CORT stress series: DEX and ACTH 
injections 
Thirty-four male kittiwakes were caught on 
the nests with a noose at the end of a 5 m 
fishing rod. A first blood sample (ca. 0.2 
ml) was collected immediately after 
capture, from the alar vein with a 1 mL 
heparinised syringe and a 25-gauge needle 
to assess baseline CORT concentrations 
([CORTBL] henceforth). Bleeding time (i.e. 
time elapsed from capture to the end of the 
first blood sample: 2min 24sec ± 28sec 
(SD) on average) was not related to 
CORTBL concentrations (GLM, F1,32 = 0.7, 
P = 0.395). Birds were then placed into a 
cloth bag and second blood sample (ca. 0.2 
ml) was collected from the alar vein 30 
minutes later (30min 13sec ± 1min 22sec) 
to assess stress-induced CORT 
concentrations [CORT30min]. Immediately 
following this blood sample, (30min 58sec 
± 1min 26sec), 30 birds were injected with 
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DEX then put back into the cloth bag. 
Fifteen minutes later, we collected a third 
blood sample ([CORT45min], at 46min 
43sec ± 2min 03sec) and then immediately 
injected ACTH (47min 29sec ± 2min 
05sec), after which the birds were placed 
back into the bag again.  15 minutes 
following the ACTH injections, (at 63min 
08sec ± 2min 33sec) we collected a fourth 
and final blood sample [CORT60min]. The 
volume of the final blood sample was 1.5 
ml, and this sample was used to measure 
the concentration of contaminants (see 
below). All injections were given 
intramuscularly in the pectoral muscle. 
Concentrations were adapted to a body 
mass of 400 g, which is the average body 
mass of incubating male kittiwakes. We 
therefore injected 0.2 ml of DEX 
(Dexazone 2mg/ml Virbac, France) and 0.1 
ml porcine ACTH (Sigma Aldrich, 100IU 
A6303 dissolved in 0.5 ml Ringer’s 
physiological solution), to obtain doses of 
1mg/kg dexamethasone (DEX) and 50 
IU/kg ACTH which are considered as 
sufficient to elicit maximal CORT decrease 
and increase, respectively (Rich and 
Romero 2005; Dickens et al. 2009; 
Schmidt et al. 2012). 
The stress series were shortened compared 
to those used in laboratory studies: blood 
samples were collected 15min after each 
injection versus 45min normally used to 
elicit maximal CORT responses induced 
by DEX and ACTH (Schmidt et al. 2012). 
We shortened the stress series to avoid 
leaving the nests unattended for a long 
period (which may increase the risk of the 
nest being predated) sampled males were 
kept for 60min (in total, from baseline 
sampling to post ACTH injection sample) 
versus 120min in total in other studies (e.g. 
Schmidt et al. 2012).  Four birds were used 
as control and injected Ringer’s 
physiological solution to validate the 
effects of DEX and ACTH injections. We 
then calculated CORT induced changes 
following capture/handling protocol, DEX 
and ACTH injections. Stress-induced 
CORT: CORTSI=[CORT30min]-[CORTBL]; 
CORTDEX=[CORT45min]-[CORT30min] and 
CORTACTH=[CORT60min]-[CORT45min]. 
2.3. Hatching dates and hatching success 
Kittiwakes were individually marked with 
metal rings and PVC plastic bands 
engraved with a three-letter code and fixed 
to the bird's tarsus for identification from a 
distance. Birds were weighed to the nearest 
2 g using a Pesola spring balance, and their 
skull length (head+bill) was measured to 
the nearest 0.5 mm with a sliding calliper. 
For each bird we calculated a scaled mass 
index as a measure of body condition (Peig 
and Green 2009). Kittiwakes were marked 
with spots of dye on the forehead to 
distinguish them from their partner during 
subsequent observation and then released. 
Using a mirror at the end of an 8 m fishing 
rod, we checked the whole plot (ca. 117 
nests) every two days to monitor the exact 
hatching date for the first egg (thereafter 
called “hatching date”) and the number of 
eggs that hatched. The exact hatching date 
of the first egg laid was obtained for 25 
individuals (21 birds injected with DEX 
and ACTH and 4 birds injected with 
Ringer’s physiological solution). We then 
considered the “hatching success” 
binomially: 0 = no eggs at all have hatched 
and 1 = at least one egg has hatched.  
2.4. Molecular sexing and hormone assay 
For the 34 focal birds, blood samples were 
centrifuged, and plasma was decanted and 
stored at −20°C until assayed. After 
centrifugation, red cells were kept frozen 
for molecular sexing as well as for Hg 
analysis. The sex was determined by 
polymerase chain reaction amplification of 
part of two highly conserved genes (CHD) 
present on the sex chromosomes at UMR 
7372 - CNRS-Université de La Rochelle, 
as detailed in Weimerskirch et al. (2005). 
Plasma concentrations of CORT were 
determined by radioimmunoassay at UMR 
7372 - CNRS-Université de La Rochelle, 
as previously described (Lormée et al. 
2003). All samples were run in one assay, 
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to measure intra-assay variation, we 
included 4 different referents 10 times in 
the assay. From this, the intra-assay 
variation was 6.7%. Plasma CORT levels 
were measured in baseline, stress-, DEX-
(or control) and ACTH-induced (or 
control) CORT samples (Figure 1). 
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 Figure 1: Stress series to characterize the hypothalamo-pituitary-adrenal (HPA) activity in incubating male 
black-legged kittiwakes. CORT increase from 0 to 30 min indicates the time of exposure to restraint stress. The 
left panel represents birds that were injected with DEX and ACTH (A) and right panel birds injected with 
Ringer’s physiological solution (B). Each circle denotes an individual and arrows indicate the time of injections.  
 
2.5. POPs determination in plasma 
POPs were analyzed from whole blood of 
27 birds injected with DEX and ACTH, for 
three individuals blood volumes were too 
small for POP measurements. Analyses 
were performed at the Norwegian Institute 
for Air Research (NILU) in Tromsø and 
the following compounds were search for: 
the PCBs (CB-28, -52, -99, -101, -105, -
118, -138, -153, -180, -183, -187 and -
194), and the organochlorine pesticides 
(OCPs: o,p’ DDT, p,p’ DDT, p,p’DDE, 
o,p’ DDE, o,p’ DDD, p,p’ DDD, α-, β-, γ-
HCH, HCB, trans-, cis-chlordane, 
oxychlordane, trans-, cis-nonachlor and 
mirex). To a blood sample of 0.5 to 1.5 ml, 
an internal standard solution was added 
(
13
C-labelled compounds from Cambridge 
Isotope Laboratories: Woburn, MA, USA). 
The sample was extracted twice with 6 ml 
of n-hexane, after denaturation with 
ethanol and a saturated solution of 
ammonium sulphate in water. Matrix 
removal on florisil columns, separation on 
an Agilent Technology 7890 GC and 
detection on an Agilent Technology 5975C 
MSD were performed as described by 
Herzke et al. (2009). The limit for 
detection (LoD) was threefold the signal-
to-noise ratio, and for the compounds 
investigated the limit ranged from 1.1 to 
632.7 pg/g wet weights (ww). For 
validation of the results, blanks (clean and 
empty glass tubes treated like a sample, 3 
in total) were run for every 10 samples, 
while standard reference material (3 in 
total, 1589a human serum from NIST) also 
was run for every 10 samples. The 
accuracy of the method was between 70 
and 108%. For further investigations, 
concentrations below LoD were assigned 
LoD value, and only compounds detected 
in at least 70% of the individuals were 
included into the statistical analyses (Noël 
et al. 2009). In incubating male kittiwakes 
the following PCBs (CB-28,  -99, -105, -
118, -138, -153, -180, -183 and -187) and 
OCPs (p,p’-DDE, HCB, oxychlordane, 
trans-, cis-nonachlor and mirex) were 
detected in at least 70 % of the individuals 
(means ± SD and ranges are given in 
Table 1).  
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Contaminants Mean (median) SD Min Max 
Hg 1.80 (1.96) 0.45 0.82 2.96 
PCB 28 224 (200) 84 50 478 
PCB 99 927 (740) 566 410 2700 
PCB 105 323 (267) 222 135 1163 
PCB 118 1124 (930) 731 500 3870 
PCB 138 3931 (3120) 2865 1550 14750 
PCB 153 4968 (3820) 3824 1800 20280 
PCB 180 2143 (1550) 1648 730 8490 
PCB 183 434 (325) 336 148 1759 
PCB 187 756 (591) 519 321 2529 
ƩPCBs 14831 (11827) 10694 5801 55951 
HCB 2977 (2700) 872 1850 6400 
oxy-Chlordane 801.6 (667) 385 359 2120 
trans-Nonachlor 38.9 (35) 21 6 98 
cis-Nonachlor 35 (32) 16 5 71 
Mirex 388 (352) 198 167 959 
p,p'-DDE 1265 (1177) 697 306 3506 
ƩOCPs 4241 (3700) 1413 2495 9616 
 
Table 1: Concentrations of red blood cells’ Hg (µg/g dw) and whole blood persistent organic pollutants (pg/g 
ww) in incubating male black-legged kittiwakes. 
 
2.6. Hg determination in red blood cells 
Total Hg was measured for the 34 
individuals at LIENSs (La Rochelle), as 
described by Bustamante et al. (2006) from 
freeze-dried and powdered red blood cells 
(hereafter called ‘blood’) in an Advanced 
Hg Analyzer spectrophotometer (Altec 
AMA 254). At least two aliquots ranging 
from 5 to 10 mg were analyzed for each 
individual and quality assessment was 
measured by repeated analyses of certified 
reference material TORT-2 (lobster 
hepatopancreas, NRCC; certified value 
0.27±0.06 µg/g with recoveries of 98 to 
102%). Hg concentrations are expressed in 
µg/g
 
dry weight (dw).  
2.7. Statistics 
All statistical analyses were performed 
using R 2.13.1 (R Development Core 
Team 2008). To validate the effects of 
DEX and ACTH injections on CORT 
release we used generalised linear mixed 
models (GLMM) with bird identity as a 
random effect (dependent variable: 
‘CORT’; independent factors ‘Time’ and 
‘Treatment’). Then we tested whether 
CORT would vary following handling 
stress and injections (controls, DEX, 
ACTH). We used generalised linear 
models (GLM) with a normal/binomial 
error distribution and an identity/ logit link 
function, respectively, to test our biological 
assumptions. We summed POPs as 
follows: ƩPCBs (n = 9 congeners) and 
ƩOCPs (n=6 congeners). First, we tested 
for an effect of ‘sampling date’ and ‘scaled 
mass index’ on contaminants ‘ƩPCBs, 
ƩOCPs and Hg’ and on absolute 
concentration of ‘[CORTBL], [CORT30min], 
[CORT45min] and [CORT60min]’. Second, 
we tested for relationships between 
contaminants ‘ƩPCBs, ƩOCPs and Hg’ and 
‘[CORTBL], CORTSI, CORTDEX and 
CORTACTH’. Finally, we tested if ‘hatching 
date’ and ‘hatching success’ were related 
to ‘scaled mass index’ and contaminants 
‘ƩPCBs, ƩOCPs and Hg’. Diagnostic plots 
were used to assess whether the data 
sufficiently met the assumptions of the 
linear model, and dependent continuous 
variables were log-10 transformed when 
necessary. Values are mean ± SD. 
3. Results 
3.1. CORT stress series 
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CORT concentrations were significantly 
related to the time of blood sampling, the 
treatment and their interaction (GLMM, 
time: F3,96=340.5, P<0.001; treatment: 
F1,32=6.3, P=0.017; time × treatment: 
F3,96=12.15, P<0.001). Following the 
capture-restraint protocol, CORT 
concentrations significantly increased 
(GLMM, F1,29=449.3, P<0.001), after the 
DEX injection CORT concentration 
significantly decreased over 15 minutes 
(GLMM, F1,29=160.0, P<0.001). Lastly, 
ACTH injection did not result in a 
significant increase of CORT within 
~15min of action (GLMM, F1,29=1.7, 
P=0.208). However we observed a large 
inter-individual variation: some individuals 
may not respond to ACTH injection, in 
other ones CORT would increase sharply 
and in others CORT would even decrease 
(Fig.1A).  In control birds CORT 
significantly increased following the 
capture-restraint protocol (GLMM, 
F1,3=78.5, P=0.003) then remained steady 
(GLMM, F1,3<2.4, P>0.220, for all tests 
Fig. 1B). Incubating male kittiwakes were 
heavier than the average body mass used 
for DEX and ACTH dissolutions (427.2 ± 
31g, range: 360-490). However CORTDEX 
and CORTACTH were not related to body 
mass (GLM, F1,28<0.7, P>0.400). 
3.2. Effects of sampling date and scaled 
mass index on contaminants and hormones 
Absolute concentrations of [CORTBL], 
[CORT30min], [CORT45min] and 
[CORT60min] were not related to sampling 
date nor to scaled mass index (GLM, 
F1,28<1.3, P>0.269 for all tests). Hg, 
ƩPCBs or ƩOCPs were not related to 
sampling date (Hg: GLM, F1,32=0.6, 
P=0.428 and ƩPCBs and ƩOCPs: GLM, 
F1,25<0.2, P>0.674 for all tests). Hg 
concentrations were not related to scaled 
mass index (GLM, F1,32=0.1, P=0.757), 
however ƩPCBs and  ƩOCPs increased 
with decreasing scaled mass index (GLM, 
F1,25>4.3, P<0.0480 for all tests). 
3.3. Effects of contaminants on HPA 
activity 
Table 2: Modeling the relationships between 
contaminants (Hg, ƩPCBs and ƩOCPs) and A) 
[CORTBL], B) CORTSI, C) CORTDEX and D) 
CORTACTH in incubating male black-legged 
kittiwakes. 
[CORTBL], CORTSI and CORTDEX (Fig. 
2A) were not related to contaminants (Hg, 
ƩPCBs, ƩOCPs, Table 2). CORTACTH was 
not related to Hg or ƩOCPs. However there 
was a significant and positive relationship 
between CORTACTH and ƩPCBs (Fig. 2B, 
Table 2): individuals with high PCB 
burden showed a stronger CORT release 
following ATCH challenge than less 
contaminated ones.  
3.4. Hatching dates and hatching success in 
relation to Hg, PCBs and OCPs 
Hatching date was not related to scaled 
mass index (GLM, F1,23=0.2, P=0.663) but 
was positively related to ƩPCBs (GLM, 
F1,17=16.3, P<0.001; Fig. 3) and ƩOCPs 
(GLM, F1,17=9.2, P=0.008). The 
relationship between hatching date and Hg 
was only close to statistical significance 
(GLM, F1,23=3.4, P=0.076). Hatching 
success was not related to Hg, ƩPCBs and 
ƩOCPs (GLM, χ²<0.2, P>0.635). However, 
scaled mass index tended to be lower in 
Dependent 
variable 
Independent 
variable 
Intercept Estimate Df   F P-value 
A) 
[CORTBL] 
Hg 2.07 -0.33 1,28 0.81 0.376 
ƩPCBs 1.73 0.02 1,25 0.01 0.913 
ƩOCPs 6.40 -0.54 1,25 2.19 0.152 
B) CORTSI 
Hg 3.32 -0.03 1,28 0.02 0.882 
ƩPCBs 3.89 -0.06 1,25 0.34 0.562 
ƩOCPs 3.55 0.03 1,25 0.02 0.885 
C) 
CORTDEX 
Hg -9.81 3.52 1,28 2.38 0.134 
ƩPCBs -10.07 0.22 1,25 0.03 0.867 
ƩOCPs -26.12 2.18 1,25 0.76 0.391 
D) 
CORTACTH 
Hg 2.89 -3.55 1,28 1.83 0.187 
ƩPCBs -27.10 2.96 1,25 4.68 0.040 
ƩOCPs -36.12 4.45 1,25 2.64 0.117 
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individuals with no chicks that hatched 
(GLM, χ²=3.7, P=0.055). 
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Figure 2: In incubating male black-legged 
kittiwakes, CORTDEX (upper panel A), was not 
related to blood ƩPCBs (pg/g ww, log-natural 
transformed). Whereas CORTACTH (lower panel B), 
was stronger in birds with the higher concentrations 
of blood ƩPCBs (pg/g1 ww, log-natural 
transformed) and lower in the less polluted ones. 
ACTH injection elicited an increase of CORT in 
male kittiwakes above dashed line and a decrease of 
CORT in individuals below. 
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 Figure 3: In male black-legged kittiwakes 
increasing blood ƩPCBs (pg/g ww, log-natural 
transformed) delayed the hatching of the first egg 
laid.  
4. Discussion 
4.1. Contaminants and HPA activity 
The aim of this study was to test whether 
the exacerbated adrenocortical response in 
the most PCB-contaminated kittiwakes 
(Tartu et al. 2014) was connected to a 
higher adrenal activity. In this study we 
also investigated which type of 
contaminant (Hg, PCBs or OCPs) would 
modify the adrenal activity. Contrary to 
what has been reported in other studies on 
kittiwakes from the same breeding colony, 
we did not find any relationship between 
contaminants, CORTBL and CORTSI 
(Nordstad et al. 2012; Tartu et al. 2014). 
CORTDEX was not related to contaminants. 
This may indicate that environmental 
contaminants do not alter the functioning 
of glucocorticoid-receptors from the 
hypothalamus or the pituitary. According 
to our prediction, the adrenal 
responsiveness (CORTACTH) was increased 
in the most PCB-contaminated kittiwakes. 
Administration of a standardized dose of 
ACTH is an alternative approach to 
measure the stress response that is 
specifically due to variation in the 
sensitivity of the adrenal cortex to ACTH. 
Response to exogenous ACTH may also 
provide a more accurate measure of 
maximum glucocorticoid production than 
response to restraint stress (Wada et al., 
2007; Schmidt et al. 2012). However in 
some birds ACTH injection was not 
effective and CORT levels even decreased 
in the less PCB-contaminated birds. These 
results are surprising but could be the 
consequence of a too short time of action 
of ACTH in the present study. Indeed, the 
time necessary to elicit a maximal CORT 
release post-ACTH injection was 45min 
(e.g. Schmidt et al. 2012) and our 
experimental kittiwakes were only exposed 
for 15min. If this hypothesis could be 
verified this would support the fact the 
activity adrenals of the most PCB-
contaminated males is exacerbated.  An 
exacerbated adrenal activity, which may 
result from increased number of ACTH-
receptors (ACTH-R) on the adrenals. In 
mammals, ACTH is one of the few 
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polypeptide hormones having a positive 
trophic effect on its own receptors 
(Beuschlein et al. 2001; Penhoat et al. 
1989). Although there is no evidence for 
such a relationship in birds, we suggest 
that it act similar to what is observed in 
mammals. Thus, the exacerbated adrenal 
activity in the most PCB contaminated 
kittiwakes may be the consequence of an 
excess of ACTH input to adrenals. This 
also suggests that PCBs may stimulate 
ACTH release and/or that PCBs may 
mimic ACTH and bind to ACTH-R, which 
in that case would mobilize more ACTH-R 
from the adrenals of the most contaminated 
individuals. In experimental studies, direct 
effects of POPs on ACTH-R have already 
been described:  PCB126 can increase 
ACTH-R levels (Li and Wang, 2005), and 
a pesticide, the methyl thiophanate, could 
mimic ACTH and directly activate ACTH-
R from the adrenals (De Falco et al. 2007). 
This and other recent findings (Nordstad et 
al. 2012; Tartu et al. 2014, Tartu et al. 
unpublished data) shows that PCBs and not 
OCPs may specifically interact with CORT 
in seabirds and that PCBs may increase the 
number of ACTH-R on the adrenals.  This 
study also provides evidence that Hg is not 
related to the adrenocortical response or to 
the adrenal activity, but rather interferes 
with other endocrine mechanisms, such as 
pituitary hormones (luteinizing hormone 
and prolactin, Tartu et al. 2013; Tartu et al. 
unpublished data). Relationships between 
CORT and PCBs could also be breeding 
stage-dependent or environment-
dependent. Indeed, in the here present 
study [CORTBL] or CORTSI were not 
related to PBCs and these relationships 
could depend of body-condition. In the 
present study, ƩPCBs and ƩOCPs 
significantly increased with decreasing 
body-condition as depicted by scaled mass 
index. Since POPs are stored into fatty 
tissues it is not surprising that male 
kittiwakes with poor body reserves show 
higher concentrations of PCBs and OCPs 
in their plasma. Such  relationships have 
been observed in several bird species  such 
as kittiwakes (Henriksen et al. 1996; Tartu 
et al. 2014), glaucous gulls Larus 
hyperboreus (Sagerup et al. 2009), 
common eiders Somateria mollissima 
(Bustnes et al. 2010; 2012), sparrowhawks 
Accipiter nisus (Bogan and Newton, 1977) 
and white-tailed eagle Haliaeetus albicilla 
(Kenntner et al. 2003). Body-condition in 
birds predicts a wide range of fitness 
related traits such as incubation pattern, 
breeding success or survival (see Labocha 
and Hayes, 2012 for a review). Also, 
kittiwakes with lower body-condition have 
higher concentrations of organochlorine 
contaminants in their blood. As a result 
these contaminants will therefore be more 
available for sensitive vital organs as brain, 
kidneys and liver (Fuglei et al. 2007; 
Henriksen et al. 1996). Specifically it is 
possible that the most PCB-contaminated 
male kittiwakes would be more sensitive to 
environmental stress (exacerbated 
adrenocortical response) and thus would be 
less able to maintain parental investment 
than less polluted individuals. 
4.2. Fitness consequences of Hg, PCBs and 
OCPs 
In our study, we observed a positive 
relationship between ƩPCBs, ƩOCPs and 
hatching date. The first egg of the most 
contaminated male kittiwakes hatched later 
in the season. The same pattern has been 
found in female south polar skuas 
Catharacta maccormicki (Bustnes et al. 
2007). A longer incubation period could be 
the result of a non-optimal egg temperature 
(Hepp et al. 2006; Verboven et al. 2009) 
thus an impaired incubating behaviour. An 
experimental study conducted on 
American kestrels Falco sparverius, 
reported that PCB administration resulted 
in longer incubation periods and altered 
incubation behaviours in males especially 
(Fisher et al. 2006). In the study conducted 
by Fisher et al. (2006) there was an 
asynchrony between the incubation bouts 
realized by females and males, the eggs 
were left unattended for a longer period 
and eggs given inadequate heating may 
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took longer to hatch (Fisher et al. 2006). In 
free-ranging species, such as glaucous 
gulls, the proportion of time absent from 
the nest site when not incubating and the 
number of absences were related to blood 
PCB (Bustnes et al. 2001), and still in 
glaucous gulls, the most contaminated 
individuals were less able to maintain an 
optimal nest temperature (Verboven et al. 
2009). Consequently the relationship 
observed in male kittiwakes could result 
from longer or more frequent recesses 
during the incubation period as a 
consequence of high PCBs and OCPs 
burden. However, the incubation duration 
generally observed in kittiwakes averages 
27 days ± 2-3 days, Coulson 2011), 
consequently, the observed relationship is 
more likely to originate from a variation in 
the onset of mating. It is therefore possible  
that PCBs or OCPs disrupt some endocrine 
mechanisms involved in the onset of 
mating, resulting in a delayed egg-laying 
date in the most contaminated individuals. 
Contrary to our prediction, the most 
contaminated male kittiwakes did not show 
a lower hatching success. However, in case 
of poor foraging conditions when CORT 
secretion is stimulated (Kitaysky et al., 
1999; Goutte et al. 2014), it is possible that 
the most PCB-contaminated male 
kittiwakes would be more sensitive to 
environmental stress and would be less 
able to properly incubate their eggs than 
less polluted ones. More generally an 
exacerbated adrenal responsiveness to 
stress, as depicted by the CORT response 
to ACTH, often mirrors poor fitness related 
traits as poor parental investment (Angelier 
et al. 2009; Bókony et al. 2009; Goutte et 
al. 2011; Lendvai et al. 2007) or lower 
adult survival (Blas et al. 2007; Goutte et 
al. 2010b; Romero 2012). Thus, although 
most legacy POPs show decreasing trend 
in Arctic seabirds (e.g. Helgason 2011), the 
prevalence of PCBs could make 
individuals more susceptible to other 
environmental stressors such as ongoing 
climate change (Jenssen 2006). 
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